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Constraints on BSM physics Olivier Deligny

1. Introduction

Despite its impressive successes, the Standard Model (SM) of particle physics is known to be
incomplete. There are numerous reasons to expect Beyond-Standard-Model (BSM) physics to take
place at high scale. Ultimately, ultra-high-energy cosmic rays (UHECRs) are the only laboratory
for probing this physics. In these proceedings of UHECR2024, various investigations of high-scale
BSM physics are reviewed. Rather than limiting ourselves to generic setups, the guiding thread
is to rely on concrete models and to review the constraints placed by the absence of anomalous
observations in UHECR physics on the fundamental parameters governing these models.

Exact symmetries governing the SM Lagrangian guarantee invariance under Lorentz trans-
formations and under the combination of charge conjugation, spatial inversion, and time reversal
(CPT). The underlying symmetries are deeply connected in any quantum field theory [1-3]. Lorentz
invariance has always proved resilient to decades of tests remarkably accurate. Yet, theories that
aim to describe Planck-scale physics (~ 10!° GeV) might break these fundamental symmetries [4].
Although the scales at which interactions take place in extensive air showers (EAS) are many orders
of magnitude away from the Planck scale, small effects at low energy might still be observable.
Constraints obtained from the data of the Pierre Auger Observatory are reviewed in Section 2.

UHECR interactions cause the production of pion mesons that subsequently decay into gamma
rays and neutrinos, the search of which at energies around 10® GeV is of primary importance to
decipher further the origin of UHECRs. The production of gamma rays and/or neutrinos at even
higher energies, E > 10'° GeV, is expected from cascade processes triggered by, for instance, the
decay of putative particles with superheavy masses, as reminded in Section 3. Their detection may
therefore be instrumental in uncovering BSM physics, such as superheavy dark matter, cf. Section 4,
or new gauge bosons and particles trapped in topological defects, cf. Section 5.

BSM physics may also be revealed through heavy neutral leptons that would affect the rate of
interactions of Earth-skimming neutrinos. The exploration of an astrophysical scenario that would
provide an exceptional opportunity to detect ~ deca-GeV sterile neutrinos is reviewed in Section 6.

Finally, some prospects on UHECR and BSM physics are addressed in Section 7.

2. Searches for Lorentz invariance violation

To assess and predict possible violations of Lorentz invariance, effective field theories such as
the Standard Model Extension have been designed [5]. These models preserve gauge invariance to
guarantee internal consistency such as non-negative probabilities but introduce Lorentz invariance
violation through spontaneous symmetry breaking caused by scalar fields and/or through CPT
violation, leading to preferential reference frame effects. This could lead, for example, to changes
in the dispersion relation, resulting in different maximum attainable velocities for different particles
or in vacuum birefringence and parity violation. We present constraints on these effects obtained
in a robust way from the analysis of EAS data.

2.1 Stable neutral pions?

One emblematic implementation of Standard Model Extension is that of [6], in which the
Lagrangian invariant under SU(3) X SU(2) x U(1) is constructed from all renormalisable terms that



Constraints on BSM physics Olivier Deligny

are furthermore rotationally and translationally invariant in a preferred frame identified with that in
which an observer would observe no dipole-own motion in the cosmic microwave background. In
this framework, the mismatch between low-energy mass eigenstates and high-energy-momentum
ones translates into “velocity-mixing” effects that turn on gradually with energy, effectively giving
rise to different maximum attainable velocities. In particular, the dispersion relations relating the
energy E; to the momentum p; for each particle i are modified according to E? = m? + (1 +1;0)p?,
with m; the mass of the particle and 7;¢ a small coefficient that controls a Lorentz-violating term in
the kinetic sector. Beyond this particular setup, and motivated by quantum gravity theories, n can
be thought as a Planck-suppressed expansion of the spatial derivative operator and the most general
dispersion relations can be parameterized as [7]'

n
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Figure 1: Relative fluctuations in the number of muons in EAS as a function of energy as measured at
the Pierre Auger Observatory. Expectations from negative values of 77,0, are shown as the colored curves.
From [8].

Lorentz-violating effects can be abrupt or gradual. Among abrupt ones is the suppression
of the ¥ decay into two photons above some threshold that depends on negative values of 77,.,,.
Conversely, the photon decay into another photon and a neutral pion becomes kinetically allowed.
Such radical changes compared to the SM expectations can leave important signatures in the
development of EAS. Indeed, neutral pion decay is in principle feeding in the first place the
electromagnetic cascade. In the presence of Lorentz invariance violation, by contrast, neutral pions
with energy above a certain threshold interact without decaying and therefore constitute an additional
source of hadronic sub-showers. Only after a few generations in the cascade, neutral pions with
degraded energies behave in the standard way and initiate the electromagnetic component. Overall,
Lorentz-invariance-violation effects lead to a reduced amount of energy deposited in the atmosphere
that leads to an underestimation of the primary energy. Moreover, since the muon content of the

Natural units are used throughout this review.
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shower correlates with the energy of the hadronic component, the relative fluctuations of the total
muon number turns out to be smaller than in the standard case.

At a fixed energy, the (negative) value of any 7,0, coefficient needs to be larger than 70 .,
by orders of magnitude to trigger decay suppression. Searching effects for thresholds larger than
10° GeV, it is comfortable to assume 77,0 to be negligible and to consider 7,0, as the leading order.
For different values of 0, simulations of EASs can be performed and used to search for unrealistic
changes in the relative number of muons compared to data. To derive the most conservative bound
on 1,01, an optimal mixture of protons and iron nuclei is determined as a function of energy so as
to maximize the relative fluctuations in the number of muons. Considering the parameter space
1,01 € [-1073,=10713], the obtained relative fluctuations are shown as the colored thin curves in
Fig. 1. Those too far away from the data points signal unrealistic underlying 7,0, coefficients that
can be excluded. In this way, the following bound has been obtained with 90% confidence level [8],

1,0, > —6x 1075, ()

2.2 Gauge-invariant C PT perturbation of QED?

In the Standard Model Extension, one possible additional gauge-invariant term concerns the
kinetic sector of the Maxwell field. It is built as a C PT-even perturbation of QED,

1
L= LQED - Z(kF)/.tva'F#VFp(ra (3)

where kr encompasses 20 independent components including 19 degrees of freedom that lead

1y Causes an 1sotropic and

non-birefringent modification of the photon propagation. This component is controlled by a single

to violation of Lorentz invariance. One of these components, (k F);/:

dimensionless parameter «,

K ..
(kE)pay = > [diag(3, 1, 1, D], 4)
which relates the photon phase velocity to the maximal fermion velocity through
1/2
1 -«
Cy = ( I K) Cf,max- (5)

k also controls the changes in kinematical rules for some processes. For « < 0, neutral pion decay
is suppressed above a certain threshold while photon decay is allowed, as in the case studied above.
For k > 0 on the other hand, photon velocity gets smaller than the maximum attainable velocity of
fermions and vacuum Cherenkov radiation above a critical energy is possible.

With the possibility for high-energy electrons in EAS to radiate in vacuum, the descent in
energy of electromagnetic sub-showers is faster than usually expected, leading to shallower values
of the depth of shower maximum, X,x, than those usually predicted for a given primary mass and
energy. Eventually, too large values of x would lead to unrealistic shallow values of Xj,x. On this
basis, a bound can be set on x by comparing, for any combination of primaries,” the expected set of
values in the plane ({Xmax), 0 (Xmax)) to those measured at the Pierre Auger Observatory [9]. In
this manner, the bound on positive « reads k < 3 x 10720,

2Provided that above the threshold energy considered, the primary in question can make it to Earth without radiating.
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On the other hand, photon decay and neutral pion stability can be studied in the same manner
and a bound on negative « can be obtained [10]. Overall, the best constraints on « as derived from
EAS are, within 98% confidence level,

-6x 1072 <k <3x107%, (6)

3. Ultra-high-energy gamma rays and neutrinos

Current limits on ultra-high-
energy gamma rays and neutrinos

oz e fluxes are especially well suited to

— j?j:\i))‘w Y »e Ff constrain high-scale BSM physics.
Fo ok N{jw \4 Il Indeed, due to fragmentation effects
e _)_jf) ¢ for particles with mass much larger

than the electroweak scale and a for-

tiori the QCD transition scale, high

MY New /\G’CD and ultra-high energy particles, in-

cluding nucleons, electrons, neutrinos
Figure 2: Cartoon illustration of fragmentation. and photons, are expected to emerge
from the cascade subsequent to the de-
cay of a superheavy particle or to the interaction of particles at high scale (Fig. 2). Seminal works
in the QCD sector [11-13] and in the electroweak one [14] have paved the way for the calculation
of the fragmentation functions to derive the prompt flux of high-energy byproducts.
For any particle of ultra-high energy E of type i, the estimation of the diffuse flux (per steradian),
¢;(E,n), resulting from the prompt emission of decaying superheavy particles with lifetime 7x is
obtained by integrating the position-dependent emission rate per unit volume and unit energy along

the “lookback position” in the direction n,

1 [ee]
Bu(Em) = - / ds gi(E,x(5,m). %
T Jo

For neutral particles, the lookback position reduces to the position along the line of sight, x(s,n) =
Xo + sn, with X the position of the Solar system in the Galaxy and n = n(/, b) a unit vector
on the sphere pointing to the longitude ¢ and latitude b, in Galactic coordinates. The emission
rate is shaped by the DM density npy, more conveniently expressed in terms of energy density
ppm = Mx npwm, and by the differential decay width into the particle species i as

ppm(X) dN;(E; Mx)
MxTX dE '

Qi(E> X) = (8)

The ingredients are thus well separated in terms of particle-physics inputs, which regulate the
spectra of secondaries from the decaying particle, and astrophysical factor.

Secondary electrons with energy reaching possibly 10'> GeV may also be relevant [15, 16],
although they get rapidly attenuated in the Galaxy and do not reach the Earth. Secondary fluxes
of ultra-high energy gamma-rays from inverse Compton-scattering on low-energy photons from
cosmic microwave, infra-red or star-light backgrounds are negligible compared to prompt fluxes.
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However, secondary fluxes from synchrotron emission can be significant for My large enough. The
emission rate entering into Eqn. 7 can be customarily written as

1 [Mx2 gn(Ee,x) dPsyn(Ee, E, X)
qy(E,x)=—/ i A EeX) WPy : 9)

E dE. dE

€

Here, dPgy,(E., E,x)/dE is the differential synchrotron power of electrons with energy E. (and
mass m.) emitting photons in the band between E and E + dE (see, e.g., [17]), and dn/dE. is the
differential density of electrons. The latter can be approximated by as

dn(Ee,x)  pom(®

- Y.(E.), 10
dE. Mxtxb(Ee, X) o(Ee) (10)

with Y. (E,.) = E]yX /2 dE! dN.(E[; Mx)/dE{ the yield of electrons with energy larger than E., and

b(E., x) the energy-loss rate due to synchrotron emission and inverse Compton scattering (see,
e.g., [18]). For electrons with energy above 10'* GeV, the flux of gamma rays from synchrotron
radiation turns out to dominate over that from prompt emission.

4. Superheavy dark matter

The mass Mx of dark matter (DM) particles that do not undergo weak interactions is not
generated by the Higgs vacuum expectation value and is therefore not tied to the electroweak scale. In
other words, M is unconstrained. One intriguing energy range for BSM physics, as an intermediate
step below the Grand Unification scale, lies between 10'° and 10'3 GeV. This range encompasses
the mass of the inflaton, indirectly inferred to lie around (1-3) x 10'3 GeV, the mass of the right-
handed neutrinos within the vanilla seesaw mechanism, and the instability scale of the Standard
Model inferred within 10'°-to-10'2 GeV from LHC data. The mass spectrum of the dark sector
could also reflect this high-energy scale, and various mechanisms in the framework of inflationary
cosmology are capable of producing superheavy DM particles. A minimal and unavoidable process
is gravitational production, which can take place during the inflationary era [19, 20] and/or the
reheating one [21, 22].

Superheavy particles must be extremely long-lived, Tx > 1072 yr, to be responsible for the relic
density of DM observed today. Only a handful theoretical constructions can meet these constraints
without resorting to fine-tuning: sterile neutrinos being themselves DM and feebly coupled [23-25]
or with slight mass-mixing in the sterile neutrino sector [26], particles coupled with sterile neutrinos
alone [27, 28], or non-perturbative effects suppressing the dark coupling constant and selecting
large-multiplicity final states from instantonic rules [29, 30]. Another possibility highlighted in this
review relies on spin 3/2 particles in the context of supersymmetry broken at high scale.

If the gravitino is the lightest supersymmetric particle, it may be a natural candidate to DM. It is
well established, however, that its production from the decay of the next-to-lightest supersymmetric
particle may far exceed the relic abundance observed today. One way to sidestep this problem is
to invoke that the mass spectrum of supersymmetric partners is such that only the gravitino could
be created in the thermal bath after inflation [31]. This implies a mass scale above the reheating
temperature iy, to prevent creation from thermal processes, and above the mass of the inflaton to
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prevent creation from inflaton decay. Together, these conditions allow the gravitino mass M3/, to

be constrained such that

M2
¢
Mp

for an inflaton mass My ~ 3 X 1013 GeV [31].

M) > ~2x 10 GeV (11)

In this scenario, the gravitino could

100" 10° 10" 102 10® 10* 10° be created in two ways. The first one is
1072 ‘ ‘ 11072 through thermal production in the s-channel
Urentiersy " myp> Tru via the gluon+gluon — gravitino+gravitino
107 R 107 process, which is the only one allowed kine-
\\:\’0\/ matically. Then the relic density scales as
107 N, 107
2 h Qyph*  ( Msp - T\
10 107 012 (108 GeV) (1010 GeV) ’
3
10-6 \‘f\\’o\ 10-6 which requires a high reheating temperature.
Allowed “ This scaling can be recast in terms of the
1077 ‘ ‘ 2107 “Yukawa”-like coupling y¢ of the inflaton
10" 10° 10" 10® 10° 10* 10° field to the thermal bath instead of the re-
ms; [EeV] heating temperature. The viable range of pa-

. . . ~ rameters in the plane (yy, M3)2) is shown as
Figure 3: Viable values of .\'(ukawa-hke coupling of 11'1- the black curve labeled as B3, = 0 in Fig. 3.
flaton to matter and of gravitino mass to match the relic
density of DM, for different values of branching ratio of

inflaton decay to gravitinos. From [31].

The linear increase in y, with increasing
gravitino mass is necessary to counterbal-
ance the weakening of the effective coupling
scaling as 1/M32/2.
per bound shown as the dotted black line (labeled as M3/, > Ty,), stemming from the condition

Note in addition the up-

that the gravitino mass must be less than the reheating temperature by construction. Alternatively,
gravitinos coupled to moduli fields can also be produced by direct decay of the inflaton. The
condition (11) then translates into a bound for the branching ratio B3/, of the inflaton decay into
gravitinos,

M -1
By <19x10718 L) (22 ) (13)
Yo 108 GeV

The viable parameter space is also shown in Fig. 3 as the color-coded dotted curves. For a given
value of B3>, the Yukawa coupling is required to be smaller than in the B3> = 0 case for masses
above the turning points, signaling that the direct production from inflaton decay dominates over
the thermal production.

If the R-parity is exactly conserved, the lightest supersymmetric particle, namely the gravitino
in this setup, is stable and there are very few detectable signatures of the model. A tiny violation of
the R parity, however, might be sufficient to render the gravitino metastable and lead to observational
signatures in ultra-high-energy gamma rays and neutrinos. Stringent limits on R-parity-violation
couplings arise from preserving baryon asymmetry in the early universe by requiring that inter-
actions violating the number of baryons and leptons remain out of equilibrium. However, for
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supersymmetric partners never in the thermal bath to mediate interactions that would wash out the
baryon asymmetry, these limits are quite relaxed. Considering a single R-parity violating interac-
tion with a bilinear term in the superpotential such as u’LH,, gives rise to dominant decay channels
to Zv, We/Wu /Wt and hv final states [32, 33]. By calculating the fluxes of secondary gamma
rays and neutrinos emitted in each decay channel as a function of M3/,, upper limits on u’ can
be obtained by requiring these fluxes not to overshoot the limits. Roughly, the constraints can be
summarized as

i)
u <105 (M2 )T ey (14)
108 GeV

The limits are to be compared to those obtained in the context of weak-scale supersymmetry, namely
(' < 20 keV from the preservation of the baryon asymmetry.

5. Cosmic strings

Phase transitions may have occurred in the early universe provided that the reheating tem-
perature was high enough. Many theoretical setups predict the existence of U(1) symmetries at
high scale for which phase transitions would have led to the formation of cosmic strings, which are
regions of space-time that remain in a symmetry unbroken phase due to boundary conditions that
topologically restrict their decay. For this to happen, the U(1) symmetry must have completely
disappeared after the transition.’

Under certain circumstances, yet,

CUSP MINIM(LATION the energy stored in the unbroken vac-
TO RSM PARTICLES uum phase can be liberated in the form
of high-scale quanta of the fields. This

: ' e YF/W is the case in particular when the dy-

: » namics of the strings leads to “cusps”,

S : A/\’_”z Sty v which are short segments with ve-

i: \’\’\y L locity momentarily very close to c.

i/ Emission from cusps results in par-

th }—\9{ ;‘/ oF RS- ticles with ultra-high energies due to

0 SM_ PART|CLES the large Lorentz factors at play (see

Fig. 4). Note that the emitted cosmic

Figure 4: Cartoon illustration of cusp annihilation. rays are charged particles in the case

of superconducting strings or Higgs-
decay byproducts in the case of the development of a bosonic condensate around the string core.
Alternatively, as explored in [34], cusps could emit moduli, which are relatively light, weakly
coupled scalar fields, predicted in supersymmetric and string theories. Subsequently, a modulus
decays into two gluons, which initiate a quark-gluon cascade that produces hadrons, mostly pions,
and eventually protons, photons, and neutrinos.

3This is why the electroweak transition does not lead to the formation of cosmic strings due to the particular
encapsulation of electromagnetism in SU(2); x U(1)y.
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The horizon of neutrinos is char-

10°
. acterized by a redshift scaling as z,, =~
b 250 (E /10" GeV)~2/3, which is par-
%] . . .
T ticularly relevant in this context as the
; - redshift z, at which the emission is
fi dominant corresponds to the epoch
w [ Milky-Wey (Bera 2024] of transition between gravitation-
> 1072 [ Min. model scenarios 3 . 3
S 1 Auger 2023 ] dominated and modulus-dominated
w — e 4 L 23 -8/3 2/3
Lo ‘ — Cosmicarings‘ E ra‘dlatlon’ Ix = 400 m5 aj7 /:t_20>
107 10 106 102 with ms the modulus mass in units of
E(eV) 10° GeV, a7 the coupling between the

modulus and the stress energy tensor
Figure 5: Energy flux of neutrinos (single flavor) expected from

cosmic-ray interactions in the milky way (“Milky Way”) or from
various source environments that fit with the minimal model
explaining the Auger data above 10°7 GeV (“Min. model sce-
narios”) [35]. Upper limits from Auger, IceCube and ANITA are 1Os emitted subsequently to the de-
reported on top. Also shown are energy fluxes expectations from cay of moduli into gluons can be ap-
decay of cosmic strings (see text). proximated as an E~2 one with a low-

energy cutoff due to the suppression
of soft gluon emission in the parton cascade. Once boosted by a relativistic factor y, the concentra-
tion of high-energy particles in cones whose opening angles 1/y point in the direction of the boost

of the strings in units of 107, and HU=20
the string tension in units of 1072°G .
The energy spectrum of the neutri-

results in the appearance of a low-energy end of the spectrum. For z, = 200, the low-energy cutoft
scales as ~ 4 X 1O9m;/ 2;11_/220 GeV, which nicely ranges within the sensitivity of, e.g., the Pierre

Auger Observatory and brings clear signatures for this model.

With a model of the rate of cusp bursts N, from simulations and a model for the number of
moduli dN ;(k) emitted in a single burst with momenta & in the interval dk, the flux of neutrinos
on Earth can be calculated as [34]

1 dv(z)

dN, (E, z, k)
(4n)> ) (1+2)r*(2) ’

JV(E’Z) = dE

dNp, dN%(k)

15)

with dV(z) the proper volume and dN, /dE the spectrum of neutrinos from decay of a modulus
with momentum k. Several neutrino fluxes corresponding to different choices of parameters and
conforming to the limits obtained with IceCube, the Pierre Auger Observatory and ANITA are
illustrated in Fig. 5. Generic estimates of cosmogenic fluxes based on a minimal model of UHECR
production to explain the mass-discriminated energy spectra observed on Earth above 5x10'8 eV
are shown as the gray band [35]. One striking feature of the fluxes from cosmic-string decay is
the sharp rise at energies above the suppression ones for cosmogenic fluxes preceding an ~ E~2
recovery. Finally, in addition to probing BSM physics at scale of ~ 103 GeV thanks to the boost
factors, and because J, is approximately proportional to (Gu)?, the detection of neutrino fluxes
featuring the specific signatures highlighted above would make it possible to probe cosmic string
tensions as low as

Gu <1072, (16)
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which is to be compared to the best-limits currently obtained with LIGO/VIRGO of order of
Gu =101,

6. BSM with upward-going showers

In the SM, the neutrino-nucleon scattering cross-section increases with the energy of the
incoming neutrino. Consequently, ultra-high-energy neutrinos may only propagate through the
Earth for relatively short distances of the order of O(100) km. Motivated by two “anomalous”
radio pulses observed with the ANITA instrument compatible with EASs developing in the upward
direction and inconsistent with SM expectations [36], a dedicated search for upward-going EASs at
zenith angles exceeding 110° and energies E > 10® GeV has been performed using the Fluorescence
Detector of the Pierre Auger Observatory [37]. One event candidate has been found, consistent with
an expected background of 0.27 + 0.12 events from mis-reconstructed UHECR showers. Upper
bounds on the integral flux of (7.2+0.2)x1072 cm™2sr™! yr~! and (3.6+0.2)x10"* cm ™2 sr~! yr~!
have been derived for E~! and E 2 spectra, respectively. These limits are stringent enough to exclude
a physics origin of the two anomalous ANITA events.

The claim from ANITA has at-
o DELPHI tracted much attention from particle

physics theorists, who have sought to
establish BSM scenarios capable of

107° 4

matching anomalous events. Building
on these ideas, sensitivity to upward-

T .
Lo \] going EAS has proved to be a pow-
| erful tool for probing scenarios other-
", | wise difficult to explore with colliders.
07 | \\SHIP ! — D=1.0Mpc . o
A ' D =05 Mpe One compelling scenario is that of an
: N : D = 0.25 Mpc . . .
PN D =012 Mpe upscattering of 7 neutrino into a ster-
! S — D=50kpc .
o L ‘ ; ; ‘ : ‘ . ile one that would traverse the Earth
2 4 6 8 10 12 14 16 A .
my [GeV unattenuated before decaying into a T

. o neutrino and/or a 7 close enough to the
Figure 6: Sensitivity at 99.7% confidence level of POEMMA to

sterile neutrinos for an emergence angle of 60° and considering a

Gamma Ray Burst similar to GRB221009A located at a distance
D. From [38]. an exceptional transient source such

as GRB221009A to produce neutrino
extending to ultra-high energies, the upward-going channel could enable the detection of deca-GeV

Earth surface to give rise to a classi-
cal Earth-skimming event. Provided

sterile neutrinos [38]. The BSM setup consists here in the minimal extension of SM Lagrangian
with one Nr degree of freedom coupling only to the T flavor,

mpy

> $in Omix Z, Ny v +h.c., (17)

N;NR - i sin QmiXW;N;’y'uTL -

V2

with Oix controlling the mixture between active and sterile degrees of freedom in the (Majorana)

Lesm = Lsm +
2 €OS Opmix

neutrino mass eigenstates. In this way, right-handed degrees of freedom inherit from SM couplings
to matter but reduced by Opix. Using the incoming 7 neutrino fluence from a Gamma Ray Burst

10
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similar to GRB221009A located at a distance D, and modeling the exposure of POEMMA to
upward-going showers, the number of events expected at large emergence angle and within 10° and
10'" GeV can be calculated under both the SM and the BSM assumptions. Requiring a rejection of
the BSM hypothesis with a 99.7% confidence level, an interesting region in the plane (Hrznix, my)
can be probed as shown in Fig. 6. The sensitivity that would be achieved this way is competitive
with existing constraints and may provide complementary probes compared to future long-lived

particle search experiments.

7. And next

The near future of UHECR science will be the determination with the upgraded Pierre Auger
Observatory of the mass composition at ultra-high energy. The gradual increase with energy
from CNO to Si and possibly Fe group elements would confirm the minimal setup for UHECRs
explained by a single population of extragalactic sources above the ankle energy. In such a case, the
Observatory would have fulfilled its initial mission of providing answers to the origin and nature
of UHECRs, and its data would be relevant for studying the origin, dynamics and energetics of
relativistic jets and compact objets, or for the astrophysics of magnetized plasmas in motion or of
strong gravity environments.

On the other hand, the presence of a sub-dominant component of protons would re-open the
good-old issue of acceleration at such high rigidities. A natural alternative to acceleration would
be BSM physics, and the various signatures in the sector of gamma rays and neutrinos would be
instrumental in deciphering which BSM physics is at play. Based on concrete particle-physics
setups, a few emblematic possibilities have been addressed in this review. UHECRs remain indeed
the ultimate laboratory of high-energy physics.
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