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Ultra-high energy physics and standard basic principles
Do Planck units really make sense ?
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Abstract. It has not yet been elucidated whether the observed ﬂux suppression for ultrahigh energy cosmic rays (UHECR) at energies above  4 x 1019 eV is a signature of
the Greisen-Zatsepin-Kuzmin (GZK) cutoﬀ or a consequence of other phenomena. In
both cases, violations of the standard fundamental principles of Physics can be present
and play a signiﬁcant role. They can in particular modify cosmic-ray interactions, propagation or acceleration at very high energy. Thus, in a long-term program, UHECR data
can hopefully be used to test relativity, quantum mechanics, energy and momentum conservation, vacuum properties... as well as the elementariness of standard particles. Data
on cosmic rays at energies  1020 eV may also be sensitive to new physics generated
well beyond Planck scale. A typical example is provided by the search for possible signatures of a Lorentz symmetry violation (LSV) associated to a privileged local reference
frame (the "vacuum rest frame", VRF). If a VRF exists, the internal structure of standard
particles at ultra-high energy can undergo substantial modiﬁcations. Similarly, the conventional particle symmetries may cease to be valid at such energies instead of heading to
a grand uniﬁcation and the structure of vacuum may no longer be governed by standard
quantum ﬁeld theory. Then, the question whether the notion of Planck scale still makes
sense clearly becomes relevant and the very grounds of Cosmology can undergo essential
modiﬁcations. UHECR studies naturally interact with the interpretation of WMAP and
Planck observations. Recent Planck data analyses tend to conﬁrm the possible existence
of a privileged space direction. If the observed phenomenon turns out to be a signature
of the spinorial space-time (SST) we suggested in 1996-97, then conventional Particle
Physics may correspond to the local properties of standard matter at low enough energy
and large enough distances. This would clearly strengthen the cosmological relevance of
UHECR phenomenology and weaken the status of the Planck scale hypothesis. Another
crucial observation is that, already before incorporating standard matter and relativity, the
SST geometry naturally yields a H t = 1 law where t is the age of the Universe and H
the ratio between relative speeds and distances at cosmic scale. As standard cosmology
is not required to get such a fundamental result, the need for a conventional Planck scale
is far from obvious and the study of UHECR can potentially yield evidence for an alternative approach including new physics and new ultimate constituents of matter. UHECR
may in particular allow to explore the possible indications of the existence of a transition
scale at very high energy where the standard laws would start becoming less and less
dominant and new physics would replace the conventional fundamental principles. We
discuss prospects of searches for potential signatures of such a phenomenon.
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1 Introduction
Recent measurements and analyses [1, 2] have not yet allowed to elucidate whether the observed
UHECR ﬂux suppression above  4 x 1019 eV [3, 4] is really a signature of the Greisen-ZatsepinKuzmin (GZK) cutoﬀ [5, 6] or corresponds to a ﬂux-suppressing mechanism of a diﬀerent dynamical
or astrophysical origin. All possible situations can be sensitive to new physics modifying at very
high energy the production of cosmic rays [7, 8], their propagation [9, 10] or their acceleration at
astrophysical sources [11, 12]. Various violations of the standard basic principles of current particle physics (relativity, quantum mechanics and quantum ﬁeld theory (QFT), energy and momentum
conservation, vacuum homogeneity and "static" properties, eﬀective space dimensions, symmetries,
quark conﬁnement, conventional elementariness of particles...) can be potentially involved ([13, 14]
and [15, 16]). New physics may even be present in data above  1016 eV [17, 18]. Data from UHECR
experiments are in particular expected [9, 12] to yield bounds on Lorentz symmetry violation (LSV)
parameters in models incorporating a privileged local reference frame (the "vacuum rest frame", VRF
[19, 20]). But the phenomenological analysis of experimental data at ultra-high energy (UHE) will be
a diﬃcult task and requires a long-term experimental and theoretical eﬀort [14, 21] having in mind all
possible forms of LSV as well potential violations of other fundamental principles of standard physics
and the necessary compatibility with low-energy bounds on LSV [22, 23]. It can be readily checked,
for instance, that LSV violations leading to spontaneous decays of UHECR may fake the GZK cutoﬀ [24, 25]. A typical example was provided in [21], where the GZK cutoﬀ would be replaced by
spontaneous emission of photons or e+ e− pairs in a simple LSV pattern.
The Planck scale is often taken as a reference to parameterize possible deviations from standard
physics at very high energy and at very small distances. But this choice does not necessarily make
sense [13, 14], as new physics may become dominant at energies below Planck energy and at distances
above the Planck distance scale [21, 26, 27]. Contrary to approaches to quantum gravity [28, 29]
where the role of LSV is basically reduced to deformations and extensions of existing algebras [30,
31], the approach based on the existence of a local VRF for each comoving observer explicitly breaks
the associated symmetries that become low-energy limits just as the Lorentz-like symmetry of the
kinematics of phonons in a lattice [9, 19]. Then, extrapolations from low-energy physics such as
Grand Uniﬁcation and the standard concept of gravitation do not necessarily remain valid at very high
energy and very small distances. Similarly, the speed of light c may cease to dominate the natural
relation between energy and momentum or between distance and time scales, and the Planck constant
h may no longer be relevant to relate energy and time scales. In this case, two new scales of energy,
momentum, distance and time become relevant: i) the fundamental scale (Ea in terms of energy)
at which a new physics is generated; ii) the transition scale E (energy) ≈ Etrans at which the new
physics starts becoming more and more signiﬁcant in experimental data. New ultimate constituents
of matter (e.g. superbradyons, superluminal preons) can also be present in such scenarios [19, 32]
where standard internal symmetries may cease to make sense at high enough energy [15, 16] instead
of becoming more exact as energy increases. Superbradyons can be part of the dark matter [8, 15].
Simultaneously, cosmological studies are expected to cast light on the same basic questions, in
particular through WMAP [33] and Planck [34] data [35, 36] including the possible signature of
a privileged space direction as the Planck analysis of maps of the cosmic microwave background
(CMB) anisotropy [37] seems to suggest. The existence of such a privileged space direction for each
comoving observer is a natural prediction of the spinorial space-time (SST) geometry we suggested
in 1996-97 [8, 38]. No standard matter or conventional relativity is required to get such a result.
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Thus, the SST pattern combined with parity violation can potentially account for Planck and WMAP
observations [39, 40]. Similarly, previous to any introduction of conventional matter and relativity,
the SST leads by itself in an automatic way [12, 13] to the relation H t = 1 where t is the cosmic
time (age of the Universe) and H the Lundmark-Lemaître-Hubble (LLH) constant describing the ratio
between relative velocities and distances at cosmic scales. The H t = 1 law thus emerges as a natural
asymptotic limit of the evolution of the Universe in a SST cosmic geometry [41, 42]. The fact that
such results can be obtained without using standard physics clearly deserves a closer analysis [13, 41].
In particular, the conventional principles of Physics obtained from particle experiments may happen to
be valid only as a low-energy limit in the regions of the Universe where standard matter has nucleated.
Such a scenario would conﬁrm the picture already suggested in [9, 19] and in [8, 43]. In particular, if
a VRF associated to LSV exists, high-energy particles are obviously not the same objects as particles
at rest. LSV and other new physics can then modify the internal structure, symmetries and interaction
properties of particles at very high energy. Such a new physics can possibly be related to pre-Big Bang
scenarios [13, 41] and to new ultimate constituents of matter. Thus, Cosmology and UHECR studies
should permanently interact in a common attempt to search for new signatures of new phenomena and
hopefully understand the ultimate properties of matter, possible pre-matter and space-time.
In a pre-Big Bang approach with the spinorial space-time, if standard matter has nucleated on
a pre-existing vacuum associated to the SST geometry, new cosmological forces can be generated
by this transition. In particular, the gravitationally coupled matter can react to the pre-existing LLH
expansion of the Universe and generate a new form of energy and cosmological force and pressure
[42]. This reaction would become weaker as the density of the standard matter decreases with the
Universe expansion and the relation H t = 1 would remain a suitable asymptotic limit at large t.
Another essential question is that of the role of high-energy accelerator experiments. Signatures
of supersymmetry do not seem to have been found by now at LHC, and our analysis [45, 46] of the
September 2011 OPERA claim [44] on the possible detection of a superluminal neutrino pointed out
that such a comparatively strong eﬀect could not be made consistent with existing and well-established
cosmic-ray and astrophysical data. Even assuming that supersymmetry exists, the whole pattern can
fail at higher energies it Lorentz symmetry is violated and a VRF exists. But ﬁnding a measurable
signature of LSV at present accelerators can be a very hard task. The possibility to search for decays producing preon-like objects (superbradyons...), assuming they can exist as free particles in our
Universe and be produced at accelerators, was considered in [15, 47]. Astrophysical observations can
also be relevant, as cosmic superbradyons are expected to spontaneously emit "Cherenkow" radiation
in vacuum in the form of standard particles when moving at a speed larger than c or close to this value
[12, 19]. Superbradyon decays can even be a source of high-energy cosmic rays [7, 8].
We present here and updated discussion of the relevance of UHECR data for fundamental Particle
Physics and Cosmology, emphasizing speciﬁc opportunities related to possible new physics and preBig Bang scenarios. The question of the relevance of the Planck scale is explicitly dealt with.

2 An illustrative example: LSV kinematics
Crucial for the possible existence of speciﬁc signatures of new physics in UHECR data is Lorentz
symmetry violation with a vacuum rest frame. The Earth is then assumed to move slowly with respect
to the local VRF. Then, the observable properties of UHECR can reﬂect new physics generated at a
new fundamental scale Ea , not only concerning space-time properties but more generally including
the fate of particle symmetries and interactions or the properties of matter and pre-matter.
LSV patterns for kinematics can be used to illustrate possible descriptions of this new physics.
Ways to deal with possible violations of standard quantum mechanics at high energy have been considered in [14, 48]. In most cases, the smallness of the mass term of a UHECR turns out to be a crucial
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property to make the UHECR properties and interactions sensitive enough to very small eﬀects from
unconventional physics impossible to observe with lower-energy particles.
2.1 A simple model and some estimates

An illustrative example, using LSV with a VRF, can be provided by the quadratically deformed relativistic kinematics (QDRK) deﬁned by the relation [9, 10]:
E  p c + m2 c3 (2 p)−1 − p c α (p c Ea−1 )2 /2

(1)

where p is the momentum assumed to be  Ea c−1 , m the mass, α a positive constant describing
the strength of the deformation and Ea the eﬀective fundamental energy scale. Then, the negative
deformation term:
ΔE  − p c α (p c Ea−1 )2 /2
(2)
becomes larger than the positive mass term m2 c3 (2 p)−1 above a transition energy Etrans :
Etrans  α−1/4 (Ea m)1/2 c

(3)

It immediately follows that for a proton at ultra-high energy (UHE) with α = 1, one would have
Etrans  1020 eV if Ea  103 E Planck where E Planck is the Planck energy. Therefore, a UHE proton
would be potentially sensitive to new physics generated three orders of magnitude beyond the Planck
energy scale [14, 49]. Other possible values of the LSV parameters have been considered in [12, 25].
Furthermore, writing:
ΔE  − α E (E Ea−1 )2 /2
(4)
2
E −1 /2
Em  Erest

(5)

where Em is the kinematical mass term and Erest = m c2 the rest energy of the particle, and taking
α = 1, the relation
ΔE Em−1  − E 4 (Ea Erest )−2
(6)
makes explicit the naturally strong energy dependence of the deformation at very high momentum.
The sharp rise of the ratio ΔE Em−1 thus obtained from QDRK can be the sign of a strong transition for E > Etrans if the mass term Em is interpreted as an expression of the original internal
structure of the particle considered. At the Grand Uniﬁcation scale E  1016 GeV, one would have
ΔE Em−1 ≈ 1020 for a proton with α = 1 and Ea  103 E Planck . At the Planck energy scale,
ΔE Em−1 ≈ 1032 and ΔE E −1 ≈ 10−6 .
Assuming QDRK to be correct, such very large values of ΔE Em−1 would clearly suggest a possible
change in the UHECR internal structure and dynamics at energies above Etrans and already well below
the grand uniﬁed and Planck energy scales.
Another possible parameterization, equivalent to QDRK, can be:
E 2 = p2 c2 + m2 c4 − (δE)2

(7)

where δ E is assumed to vary proportionally to  E 2 at high energy.
−1
Then, if δE = m c2 (deﬁning the transition energy) at E  1020 eV, one has δ E Erest
 1010 at
16
−1
16
E  10 GeV and δE Erest  10 at the Planck energy scale.
Approaches based on and (1) or (7) have also implications on the motion of the particle. Above
Etrans , the Hamiltonian velocity v = dE/d p does no longer tend to c as the energy increases. Instead,
the positive diﬀerence c − v increases with energy. Similarly, the ratio E p−1 becomes smaller than
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c above Etrans . This is substantially diﬀerent from the standard relativistic scenario where the relative
diﬀerence between c and v becomes as small as ≈ 10−38 for a proton at the Planck energy scale.
Instead, one would get from (1):
dE/d p  c − m2 c3 (2 p2 )−1 − 3 c α (p c Ea−1 )2 /2

(8)

leading, for a proton with Etrans  1020 eV, to c − dE/d p  10−6 c at the Planck energy scale.
2.2 Theoretical and phenomenological considerations

A natural alternative to QDRK would be to replace the deformation term (2) by an expression depending quadratically on p. But we rejected [43] this linearly deformed relativistic kinematics (LDRK)
because of its too strong predictions at low energy as compared to experimental bounds [22, 23].
The value of α in the QDRK equation (1) is actually not expected to be necessarily the same for
all standard particles [12, 25]. Similarly, the universality of Ea appears as a natural choice but the real
dynamics can be more complex. Here, α and Ea refer basically to eﬀective values for each particle
considered. Although Grand Uniﬁcation may suggest taking the same values α and Ea for all quarks
and leptons, such a symmetry is not necessarily relevant at the fundamental energy scale where new
physics can play a leading role. Contrary to conventional prejudices, low-energy symmetries can
actually be a way to hide essential properties of the structure of standard particles at very high energy
and very short distances where a new kind of matter or pre-matter possibly dominates.
According to conventional quantum mechanics and relativity, a ≈ 1020 eV energy scale corresponds to a ≈ 10−25 cm distance scale, 12 orders of magnitude below the proton radius ( 0.9 x
10−13 cm with electric dipole moment  5.4 x 10−24 e.cm where e is the elementary charge). Lower
values of Etrans are not excluded by data [12, 25], in particular if the standard GZK cutoﬀ is not the
mechanism at work above  4 x 1019 eV. For a proton, Etrans  3 x 1019 eV, just below the observed
fall of the spectrum, would be obtained with Ea  100 E Planck and α = 1. Taking Ea  10 E Planck
and α = 1 yields Etrans  1019 eV. In this case, one would have : i) ΔE Em−1 ≈ 1024 and
−1
δ E Erest
 1012 at the Grand Uniﬁcation scale E  1016 GeV ; ii) ΔE Em−1 ≈ 1036 , ΔE E −1 ≈ 10−4
−1
and δE Erest  1018 (δE  0.1 E Planck ) at the Planck energy scale.
For an electron, using (1) and (3) with α = 1 and Ea  103 E Planck yields Etrans  2 x 1018
eV. Taking instead α = 10−2 would lead to Etrans  2 x 1019 eV corresponding to a ≈ 10−24 cm
distance scale. The ACME bound [50] on the electric dipole moment of the electron is | de | < 8.7 x
10−29 e cm , where de is the dipole moment. For a muon with α  1 and Ea  103 E Planck , one gets
Etrans  3 x 1019 eV. A bound on the muon electric dipole moment is [51] | dμ | < 1.9 x 10−19 e cm,
where dμ is the muon electric dipole moment.
If a nucleus is dealt with to a ﬁrst approximation as an additive set of N nucleons, the associated
eﬀective value of Etrans becomes N times larger than for protons [12, 25]. This does not appears
to be inconsistent with AUGER measurements [1, 3]. The detailed study of UHECR composition
is a crucial ingredient of the test of basic principles through AUGER data. Another possibility to be
considered is quark deconﬁnement at ultra-high energy, especially given the fact that the parton model
cannot work at UHE [52, 53]. A cosmic free quark can satisfy equation (1) with an eﬀective value
of α well above that associated to the proton [12, 25]. This property may help deconﬁnement. If
E Q f ree is the minimum energy of a free quark, a quark with energy E > E Q f ree can release an energy
 E − E Q f ree in the atmosphere. After having released most of this energy, it can still produce
signiﬁcant eﬀects through hadron mutations. For instance, a quark (antiquark) with charge 2/3 (- 1/3)
can replace a quark with charge - 1/3 (2/3) inside a hadron, turning a neutron (proton) into a proton
(neutron). The considered deconﬁnement at UHE is in principle a phase transition and the sequential
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absorption of nucleons by free quarks considered in [54] would not necessarily be possible in the
present approach, as the quark would itself become much slower when absorbing hadrons and nuclei.
Other possible UHE eﬀects and tests of LSV have been discussed in [12, 14]. In the presence
of LSV with a VRF, additional violations of standard basic principles can also produce observable
signatures at ultra-high energy [13, 14]. It must be noticed that (1) and (2) include a possible deformation of the eﬀective value of the speed of light through the ΔE term. For a photon with α = 1
, Ea  103 E Planck and E = 1019 eV, one would have E p−1 − c  −3 x 10−25 c and
dE/d p − c  − 10−24 c . These values are much smaller than those considered at lower energies
in connection with the OPERA claim of september 2011 [44]. On the other hand, the photon internal
structure can be signiﬁcantly modiﬁed by this apparently small deviation from the standard critical
speed c. Similarly, speciﬁc models describing violations of other fundamental principles (quantum
mechanics...) will also tacitly include an eﬀective energy dependence of other fundamental constants
(the Planck constant h ...). Coupling constants and interaction properties can undergo a stronger evolution as energy increases, due to the role of eﬀective masses and particle internal structure. As a
consequence, the validity of cosmic-ray energy estimations may become uncertain at UHE.
From a cosmological point of view, the values E  1019 eV and E  1020 eV correspond
respectively to temperatures T  1023 K and T  1024 K in the history of the Universe. At a
temperature scale of T  1027 K or T  1028 K usually associated to inﬂation, the ratios ΔE Em−1
−1
and δE Erest
would already have large values. Then, the evolution of a pre-Big Bang scenario can
reasonably replace the standard Big Bang and inﬂation. In pre-Big Bang patterns, the formation of
standard matter can just correspond to a phase transition or be associated to a long evolution of the
properties of matter and pre-matter. UHECR phenomenology is directly concerned by such fundamental questions and should be used to search for relevant cosmological signatures, including tracks
of possible free UHE preonic objects such as superbradyons [7, 32].
In connection with UHE physics and cosmological observations of the early Universe [13, 41],
the internal structure of particles at very small distances is also a relevant subject including possible
preonic (superbradyonic?) structures. The SST geometry, that may have successfully predicted [12,
38–40] the existence of a privileged space direction as observed by Planck [37], can hopefully be
used to describe both the structure and evolution of the Universe at very large scale and the particle
structure and dynamics at very small distances [12, 41]. In the SST, the space-time position spinor ξ
is made of two complex coordinates transforming under a SU(2) group associated to space rotations
[13, 38]. The cosmic time t (age of the Universe) is given by the spinor modulus | ξ | or a function
of this modulus. Taking t = | ξ | , the S 3 hypersphere formed by all spinors of modulus t deﬁnes the
space at time t. If ξ0 is the spinorial position of the observer at time t, the spatial coordinates of a point
ξ on the same constant-time hypersphere are deﬁned by the path from ξ0 to ξ on the hypersphere. A
position vector can thus be readily built using the relevant SU(2) transformation [38, 41]. However, it
is also possible [12, 39] to consider spinorial local coordinates if the requirement of constant cosmic
time for the path between ξ0 and ξ is abandoned. The diﬀerence Δξ = ξ − ξ0 , which changes sign
under a 2π SU(2) rotation, provides a relative position spinor of ξ with respect to ξ0 . The spinorial
coordinates can be relevant at very small distances to describe the internal structure of a fermion in
terms of its ultimate constituents. Trying to ﬁnd a track of this spinorial internal structure in data on
UHECR would be an important theoretical, experimental and phenomenological challenge.
−1
While many questions remain open, the ratios ΔE Em−1 and δE Erest
obtained for Ea  1020 eV
19
and Ea  10 eV clearly suggest that the internal structure of standard particles, as well as their
interaction properties, can considerably evolve between low energy and the Grand Uniﬁcation scale
or the Planck energy scale, and strongly deviate from conventional patterns above Etrans . Quantum
mechanics itself can be signiﬁcantly modiﬁed or even cease to be valid. In such a situation, the
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conventional Grand Uniﬁed and Planck scales do not necessarily make sense. Similarly, the idea that
low-energy symmetries should become more and more exact as energy increases has no reason to
hold above Etrans [12, 21]. Precise particle identiﬁcation can therefore be an important ingredient of
UHECR experiments and phenomenology. Another diﬃcult task will be to take into account possible
deviations from standard particle dynamics when analyzing UHECR interactions with the atmosphere.

3 UHECR internal structure
Equations (1) and (2) were obtained [9, 10] from an analogy with the solid state Bravais lattice writing
the standard equation for phonon kinematics:
d2 /dt2 [φ (n)] = − K [2 φ (n) − φ (n − 1) − φ (n + 1)] − ω2rest φ (n)

(9)

where n (integer) stands for the site under consideration, φ(n) is a complex order parameter, K an
elastic constant and ωrest the frequency of the chain of oscillators in the zero-momentum limit. Then:
ω2 (k) = 2 K [1 − cos (k a)] + ω2rest = 4 K sin2 (ka/2) + ω2rest

(10)

ω being the frequency, k the wave vector and a the lattice spacing. QDRK is similar to the power
expansion of (10) in terms of k a for k a  1 replacing the speed of sound by the speed of light and
the lattice spacing by the fundamental length scale.
Another analogy was already introduced in our 1995 papers [19, 20] comparing standard elementary particles to condensed-matter solitons. Then, the critical speed of the ultimate constituents of
matter can be much larger than that of light, just as the speed of light is much larger than that of
sound. The soliton analogy was further explored in [52, 53]. Similar to this analysis, one can consider
the equation:
c−2 ∂2 Ψ/∂t2 − ∂2 Ψ/∂x2 = 2 Δ−2 Ψ (1 − 2 Ψ)
(11)
Ψ being a real function of x and t (x = space coordinate, t = time coordinate) and Δ the distance scale
that characterizes the soliton size at rest (soliton radius). The soliton solution to equation (11) is:
Ψ(x , t) = 1 − tanh2 (λ0 y)

(12)

where y = x − v t , v is the speed of the soliton, λ0 = Δ−1 γR , D is the rest radius of the soliton and
γR the standard relativistic Lorentz factor γR = (1 − v2 c−2 )−1/2 . As conventional Lorentz contraction
and time dilation are altered by LSV, this analogy allows in particular to explore the possible energy
dependence of the eﬀective particle size above the relevant transition energy.
Adding to equation (11) a term proportional to a2 ∂4 Ψ/∂ x4 (a = fundamental length) can be
considered as the equivalent of (1) and indeed leads to a similar kinematics [52, 53].
A simpliﬁed discussion of the eﬀect of such a deformation of equations (11) and (12) can be as follows. Applying the operator a2 ∂4 /∂ x4 to the initial solution given by (12) yields a result proportional
to a2 γR4 D−4 that becomes much larger than D−2 for a γR2  D . A substantial modiﬁcation of (11)
and (12) is then required reproducing the maximum speed lower than c of QDRK. If the existence of a
soliton can be preserved at UHE, the new equation should admit two branches of solutions (above and
below the energy associated to the maximum of v). LSV will become dominant at ultra-high energy
and introduce a contraction law diﬀerent from the relativistic one. This result suggests once more the
possible existence of a sharp transition in the UHECR internal structure and interaction properties.
For a proton with E  1020 eV (γR  1011 ) and a  10−36 cm (  10−3 lPlanck , lPlanck =
Planck length), one would have a γR2  10−14 cm which is already signiﬁcant as compared to the rest
proton radius. Taking instead a = 0.1 lPlanck would lead at E  1020 eV to a γR2  10−12 cm that is
larger than the rest proton radius. Therefore, the deformation of Lorentz contraction just considered
can already be present in UHECR and produce observable signatures.
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4 Conclusion
The highest-energy cosmic rays are a crucial experimental source of fundamental information for Particle Physics and Cosmology. They require careful exploration and study within a long-term program
of Earth-based and satellite experiments, with particular attention to the ﬁrst interactions of the incoming cosmic rays. If unconventional new physics exists, the fate of concepts such as the standard
Planck scale and the grand uniﬁed scale appears very uncertain. UHECR experiments can then provide a unique way to help particle theory and cosmological research to uncover the actual structure
and origin of matter and space-time, including the search for a possible correlation between the arrival
directions of UHECR and the SST privileged space direction that Planck data may have disclosed.
Observable LSV signatures may come not only from deformations of kinematics [9, 10] but also
from signiﬁcant changes in the UHE particle internal structure [52, 53] expected to modify the interaction properties for nucleons, leptons and photons. But elucidating the nature of the actual dynamics
that generates the observed data (including a possible absence of deviations from standard physics)
will be a very diﬃcult, long-term task. In parallel, the study of potential UHECR sources should be
pursued as far as possible without forgetting nonstandard mechanisms (superbradyon decays [7, 8]...).
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