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Cosmic rays and tests of fundamental principles
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It is now widely acknowledged that cosmic rays experiments can test possible new physics directly generated

at the Planck scale or at some other fundamental scale. By studying particle properties at energies far beyond

the reach of any man-made accelerator, they can yield unique checks of basic principles. A well-known example is

provided by possible tests of special relativity at the highest cosmic-ray energies. But other essential ingredients

of standard theories can in principle be tested: quantum mechanics, uncertainty principle, energy and momentum

conservation, effective space-time dimensions, hamiltonian and lagrangian formalisms, postulates of cosmology,

vacuum dynamics and particle propagation, quark and gluon confinement, elementariness of particles... Stan-

dard particle physics or string-like patterns may have a composite origin able to manifest itself through specific

cosmic-ray signatures. Ultra-high energy cosmic rays, but also cosmic rays at lower energies, are probes of both

”conventional” and new Physics. Status, prospects, new ideas, and open questions in the field are discussed.

1. Introduction

The formulation, validity domain and experi-
mental tests of fundamental principles of Physics
have always been difficult issues requiring long-
term work and conceptual evolution. Theoretical
ideas and formulations, as well as experimental
methods, evolve following this process.
Cosmic-ray experiments are in particular able

to detect particles with energies much larger than
those that can be produced at man-made accel-
erators, or having evolved over astrophysical dis-
tances and time scales. They therefore play a
unique and indispensable role in the exploration
and verification of the laws of Physics.

1.1. Ether, vacuum and particles
As early as 1895, Henri Poincaré formulated the

relativity principle as follows [1]: ”L’expérience a
révélé une foule de faits qui peuvent se résumer
dans la formule suivante : il est impossible de ren-
dre manifeste le mouvement absolu de la matière,
ou mieux le mouvement relatif de la matière par
rapport à l’éther. Tout ce qu’on peut mettre
en évidence, c’est le mouvement de la matière
pondérable par rapport à la matière pondérable.”
The claimed impossibility to disclose ”abso-

lute motion”, or even the ”relative motion of
matter with respect to ether”, did not by it-

self imply considering ether as a real material
medium. Poincaré explicitly wrote in 1902 [2]:
”Peu nous importe que l’éther existe réellement,
c’est l’affaire des métaphysiciens ; l’essentiel pour
nous c’est que tout se passe comme s’il exis-
tait et que cette hypothèse est commode pour
l’explication des phénomènes. (...) un jour vien-
dra sans doute où l’éther sera rejeté comme inu-
tile.” He therefore considered ether as a practical
tool to be possibly abandoned at a later stage
of physical theories, but not as a physical entity.
Subsequent work by Poincaré is to be interpreted
basically as the formulation of an effective rela-
tivistic geometry of dynamical origin [3].
Logunov [4] emphasizes the statement by R.P.

Feynman : ”It was Poincaré’s suggestion to make
this analysis of what you can do to the equations
and leave them alone. It was Poincaré’s atti-
tude to pay attention to the symmetries of physi-
cal laws”. Today, fundamental symmetries play
a central role in standard particle theories up
to Planck scale. Furthermore, the evolution of
Physics has shown that the interactions of mat-
ter can generate new effective symmetries that are
exact, for instance, in the low-momentum limit.
More than a century after the pioneering work

by Poincaré, Lorentz and other authors, the vac-
uum of particle physics appears to be a material
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medium where particle fields condense and whose
physical content and structure have direct cosmo-
logical implications. The influence of ideas and
concepts originating in condensed matter physics
has been crucial for this evolution. It has in par-
ticular guided the theory of spontaneous symme-
try breaking in standard particle theory [5].

It has more recently been suggested [6] that
standard relativity may have a composite ori-
gin, just as condensed matter can generate low-
momentum symmetries of the Lorentz type with
the speed of sound playing the role of the criti-
cal speed. Disclosing such a composite structure
would be possible only at very high energy, most
likely through cosmic-ray experiments.

Between the late 19th century and the early
21st century, the concept of a medium where
particles and waves propagate has undergone a
deep evolution involving several basic steps. In
1920, having in mind the application of general
relativity to macroscopic bodies, Albert Einstein
stated about ether [7]: ”Recapitulating, we may
say that according to the general theory of rela-
tivity space is endowed with physical qualities; in
this sense, therefore, there exists an ether. Ac-
cording to the general theory of relativity space
without ether is unthinkable; for in such space
there not only would be no propagation of light,
but also no possibility of existence for standards of
space and time (measuring-rods and clocks), nor
therefore any space-time intervals in the physi-
cal sense. But this ether may not be thought of
as endowed with the quality characteristic of pon-
derable media, as consisting of parts which may
be tracked through time. The idea of motion may
not be applied to it.” A different notion of the
physical vacuum emerged with quantum mechan-
ics and Dirac’s electron-hole theory [8] leading to
the discovery of the positron [9].

Quantum field theory confirmed the role of vac-
uum and brought the concept of vacuum polar-
ization. Later, spontaneous symmetry breaking
[5] and the Higgs mechanism [10] strengthened
the idea of a material physical vacuum, where
fields can condense. Similar to the ground state
of condensed matter physics, the vacuum of par-
ticle physics is defined as the lowest-energy state
of matter. Its excitations are assumed to be de-

scribed by the standard particles of quantum field
theory. But the validity of this approach at very
high energy has not really been proven and re-
quires experimental verification.
If the vacuum is somehow the ”ground state” of

matter, it must in principle contain the most es-
sential information on its ultimate structure and
dynamics. Therefore, studying experimentally
the actual properties of vacuum at very short dis-
tance scales can be an important challenge for
high-energy cosmic-ray physics [11].

1.2. Validity of fundamental principles
In 1921, Einstein wrote about the application

of relativity to the constituents of matter: ”It is
true that this proposed physical interpretation of
geometry breaks down when applied immediately
to spaces of sub-molecular order of magnitude.
But nevertheless, even in questions as to the con-
stitution of elementary particles, it retains part of
its importance. For even when it is a question of
describing the electrical elementary particles con-
stituting matter, the attempt may still be made to
ascribe physical importance to those ideas of fields
which have been physically defined for the purpose
of describing the geometrical behaviour of bodies
which are large as compared with the molecule.
Success alone can decide as to the justification of
such an attempt, which postulates physical real-
ity for the fundamental principles of Riemann’s
geometry outside of the domain of their physi-
cal definitions. It might possibly turn out that
this extrapolation has no better warrant than the
extrapolation of the idea of temperature to parts
of a body of molecular order of magnitude. It
appears less problematical to extend the ideas of
practical geometry to spaces of cosmic order of
magnitude.” It is an extraordinary fact that, nine
decades later and with data on elementary par-
ticles down to almost seventeen orders of mag-
nitude below the size of a hydrogen atom, no
violation of the Lorentz symmetry has been es-
tablished. The Greisen-Zatsepin-Kuzmin (GZK)
cutoff [13,14], if confirmed, would imply the suc-
cess of calculations involving a ≈ 6.1010 boost
for protons and a ≈ 109 boost for iron nuclei.
Again, high-energy cosmic-ray experiments

turn out to be the only way to check the validity



3

of a fundamental principle of physics at extreme
scales. Ultra-high energy cosmic rays (UHECR)
detected by earth-based experiments like AUGER
[15], HiRes [16] and the Telescope Array [17], or
by satellite missions like EUSO [18], will remain
unique instruments to test possible Lorentz sym-
metry violation (LSV) generated at the Planck
scale or at some other fundamental scale [19,20].
Together with LSV, but also perhaps inde-

pendently, other violations of commonly admit-
ted principles may manifest themselves through
cosmic-ray physics [11,21]. They can possibly
concern quantum mechanics, energy and momen-
tum conservation, effective space-time dimen-
sions, the validity of lagrangian and Hamiltonian
formalisms, standard cosmology... including, as
previously stressed, a possible composite struc-
ture of conventional particles or the properties
of our physical vacuum and particle propagation.
Unexpected discoveries in these domains would
strongly influence not only the future and the ba-
sic hypothesis of particle physics, but also the fun-
damentals of cosmology. Issues like dark matter,
dark energy, inflation, the cosmological constant
or the existence itself of the big bang, would have
to be reconsidered [6,11,20,21].
Globally, the systematic study and design

of possible tests of fundamental principles by
cosmic-ray physics has just begun. It will become
a central research field in the future.

2. Lorentz symmetry violation (LSV)

A discussion of possible implications of
AUGER and HiRes data for LSV patterns was
presented at the previous CRIS conference [19].
Since then, HiRes has published its final re-
sults [22] claimed to be ”completely consistent
with a light, mostly protonic composition for the
UHECR spectrum”, whereas the Pierre Auger
Collaboration [23] states that primary cosmic
rays ”are likely to be dominated by heavy nuclei
at higher energies”. Obviously, further data and
analyses are required to settle this crucial issue.
As analyzed in [19], bounds on LSV strongly

depend on the composition of the highest-
energy cosmic-ray spectrum. Assuming that the
observed fall of the UHECR spectrum above

E ≃ 1019.5 eV is due to the GZK cutoff, the
bounds will be much more stringent if particles in
this energy region are protons than in the case of
heavy nuclei. Furthermore, as the AUGER Col-
laboration emphasizes [24], the GZK cutoff is not
the only possible conventional explanation of the
UHECR flux suppression. Data could also reflect
a maximum energy reachable at the sources.
If the fall of the spectrum is due to a limita-

tion of the existing sources, bounds on LSV can
possibly be obtained taking into account the im-
plications of the suppression of synchrotron radi-
ation predicted by LSV models [25] and poten-
tially allowing protons and nuclei to be acceler-
ated to higher energies. Thus, a new branch of
astrophysical LSV tests would be opened. Again,
more data and analyses are required to check the
usefulness and feasibility of such an approach.

2.1. LSV patterns
We are interested in modifications of relativ-

ity that preserve Lorentz symmetry as a low-
momentum limit, in a way compatible with ex-
isting bounds on LSV at low energies [26].
To be able to produce observable effects in

the UHECR region, models of deformed relativis-
tic kinematics (DRK) must incorporate [3,6,27] a
preferred reference frame (the vacuum rest frame,
VRF). Otherwise, a transformation to the center-
of-mass frame of the interaction or to the rest
frame of the single object under study would elim-
inate the effect. Models based on Finsler algebras
or similar structures, where the laws of Physics
are independent of the inertial frame considered
[28,29], could not explain phenomena like a pos-
sible absence of the GZK cutoff or a stability
(unstability) of unstable (stable) particles at very
high energy [30,31]. We call weak doubly special
relativity (WDSR) the approach based on DRK
and the existence of the VRF, contrary to stan-
dard doubly special relativity [29] that we call
strong (SDSR). In WDSR, a particle with energy
≈ 1020 eV in the VRF is not the same physical
object as a similar particle at rest in this frame.
Therefore, quark and gluon deconfinement in vac-
uum may occur above some energy threshold.
The Earth is usually assumed to move slowly

with respect to the VRF. In the VRF with
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WDSR, a DRK can be formulated as follows:

E = (2π)−1 h c a−1 e (k a) (1)

where E is the particle energy, a the fundamen-
tal length (Planck or another scale), h the Planck
constant, c the speed of light, k the wave vector,
and e (k a) a function incorporating the defor-
mation of the kinematics. For k a ≪ 1, we get:

e (k a) ≃ [(k a)2 − α (k a)2+n

+ (2π a)2 h−2 m2 c2]1/2
(2)

α being a model-dependent constant, m the mass
and n a positive exponent, integer in most cases.
For momentum p ≫ mc :

E ≃ p c + m2 c3 (2 p)−1 − p c α (k a)n/2 (3)

The deformation term ∆ E ≃ − p c α (k a)n/2
in (3) implies a LSV in the ratio E p−1 varying
like Γ (k) ≃ Γ0 kn where Γ0 = − α c an/2.
In terms of the fundamental energy scale
Ea = h c (2 π a)−1, equation (3) becomes:

E ≃ p c + m2 c3 (2 p)−1

− p c α (p c E−1
a )n/2

(4)

and ∆ E ≃ − p c α (p c E−1
a )n/2. If c is

a universal parameter for all particles, the DRK
defined by (1) - (4) preserves Lorentz symmetry in
the limit k → 0. α is usually taken to be positive
and depends on the object considered [19,27]. For
large composite structures of massM , α would be
proportional to ≃ M−n. Although we initially
assumed for phenomenological purposes [27] the
value of α to be basically the same for the all
the standard ”elementary” particles as well as for
protons and neutrons, this hypothesis has been
modified at a later stage [19,31]. In particular,
the composite character of the proton must be
fully taken into account to interpret current data.
Nuclei have always been dealt with as composite
objects with naturally smaller α’s [19,27].

Kinematical balances and other basic proper-
ties of particle interactions are drastically mod-
ified when the deformation term becomes larger
than the mass term m2 c3 (2 p)−1, i.e. above the
energy scale Etrans ≈ (α−1 m2 c4 En

a )
1/(2+n).

The internal structure of the particle can undergo
a transition in this energy region [19,30,33].

2.2. QDRK
Quadratically deformed relativistic kinematics

(QDRK) corresponds to n = 2 in (1) - (4).
This seems to be the best suited choice for phe-
nomenology [3,27], but it also naturally corre-
sponds to composite pictures of the vacuum and
of standard particles inspired by the solid-state
Bravais lattice [3,6,27] or by wave refraction with
a Cauchy law [11]. QDRK can naturally lead to
the suppression of the GZK cutoff and to the sta-
bility of unstable particles at very low energy [32].
Then, a similar mechanism can also suppress syn-
chrotron radiation in particle acceleration to the
same energies by astrophysical sources [25].
The choice n = 1 (linearly deformed rela-

tivistic kinematics, LDRK) was discarded [3] in
our phenomenological proposals for UHECR phe-
nomenology, as it would lead to too strong effects
at lower energies. It can be partially present in
hybrid models with energy thresholds [31].
As pointed out in our CRIS 2008 talk [19], even

assuming that the fall of the UHECR spectrum is
due to the GZK cutoff, present data would not by
themselves exclude a QDRK pattern with α ≈
0.1 or 1 for quarks and gluons corresponding to
strong LSV at the Planck scale. For comparison,
following an analogy with the Bravais lattice cal-
culations for phonons [32] would lead to α ≈ 1/12
if a is the equivalent of a lattice spacing.
The GZK cutoff for a proton component of the

UHECR spectrum would, if demonstrated, imply
for α (proton) an upper bound ≈ 10−6 if a is the
Planck length [27]. For quarks and gluons, this
bound should probably be multiplied by ≈ N2,
where N is the number of effective constituents
of the incoming protons. A 1020 eV iron nucleus
would basically amount to a set of nucleons with
energies ≃ 2.1018 eV. At these energies, the nu-
cleon mass terms still dominate over the QDRK
deformations for α (nucleon) < 1 and a = Planck
length. Furthermore, the validity of present algo-
rithms to estimate UHECR energy is not really
established. It therefore seems necessary : i) to
clearly identify a UHECR component lighter than
iron; ii) to better understand UHECR interaction
with the atmosphere, as well as the internal struc-
ture of UHECR nucleons; iii) to further explore
and study UHECR sources and acceleration.
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3. Preons and superbradyons

String models are often presented as the ulti-
mate formulation of elementary particle physics.
Some of them have been used to study pos-
sible deviations from standard Lorentz symme-
try and astrophysical tests of these deviations
[29,34]. However, the complexity and structure
of strings suggest the existence of an underlying
composite dynamics [35]. The string picture orig-
inated initially from the dual resonance models of
hadronic physics [36], and was then interpreted
[37] in terms of ”fishnet” Feynman diagrams in-
volving quark and gluon lines. Current string pat-
terns can be associated to possible superbrady-
onic ”fishnet” diagrams [21,31,32]. Superluminal
constituents can directly replace strings at the
Planck scale, or lead to an alternative theory.
In his December 1979 Nobel lecture, discussing

the ”quest for elementarity” and the preon model
[38], Abdus Salam emphasized that : ”quarks
carry at least three charges (colour, flavour and
a family number)”. He suggested to ”entertain
the notions of quarks (and possibly of leptons) as
being composites of some more basic entities” car-
rying each ”one basic charge”. Subsequent devel-
opments led to more involved scenarios, but they
did not raise the question of the validity of the
fundamental principles of standard particle theo-
ries (special relativity, quantum mechanics...) for
the new constituents. This was done for the first
time in our papers since 1995 [6,27], where the su-
perbradyon hypothesis implied a radical change
in the space-time structure felt by the new (non-
tachyonic) superluminal particles, possible ulti-
mate constituents or produced by a deeper com-
posite structure. Superbradyons would have pos-
itive mass and energy, and a critical speed in vac-
uum cs ≫ c. With the suggestion of a super-
bradyonic sector of matter, it was stressed that: i)
its interaction with ordinary matter would break
standard Lorentz invariance ; ii) to be consis-
tent with low-energy experiments, such a mixing
would have to be a high-energy phenomenon.
This 1995 scenario [6] led to the DRK approach

developed in 1997 [27]. Possible violations of
standard quantum mechanics were not discarded
and have been considered recently [21].

Assuming a kinematics of the Lorentz type with
cs playing the role of the critical speed, the energy
Es and momentum ps of a free superbradyon in
the VRF would be given by [6]:

Es = cs (p2s + m2
s c2s)

1/2 (5)

ps = ms vs (1 − v2s c−2
s )−1/2 (6)

where ms is the superbradyon inertial mass and
vs its speed. Actually, free superbradyons may
undergo refraction in the physical vacuum of our
Universe (like photons in condensed matter) or
exist in it only as quasiparticles and other forms
of excitations, or be confined, or be able to quit
and enter this Universe [11]. Then, the kinemat-
ics and critical speed of superbradyons in our vac-
uum would not be the same as in an ”absolute”
vacuum, assuming the latter can exist. But we
shall not consider these complications here.
Superbradyons can play an important role in

cosmology [6,19,20,21,39] and be a source of con-
ventional UHECR through spontaneous decays
(”Cherenkov” radiation in vacuum) [39]. A super-
bradyonic era can even replace the standard Big
Bang. When traveling at vs > c, superbradyons
obeying equations (5) - (6) would spontaneously
emit standard particles until their speed becomes
≃ c. They can form a cosmological sea and
be candidates to dark matter and dark energy
[6,19,20,21,39]. Annihilation and decays of super-
bradyonic dark matter have been suggested [21]
to explain cosmic positron abundance [41]. Tak-
ing vs ∼ c and cs ∼ 106 c (similar to the ratio
between c and phonon speed), a superbradyon
with E in the TeV range would have a mass ∼ 1
eV c−2, momentum ∼ 1 eV c−1 and kinetic en-
ergy ∼ 1 eV. Such superbradyons would be very
hard to detect, not only because of their expected
very weak interaction with conventional matter
but also because of the small available energy.
Possible superbradyonic mixings in standard par-
ticles at LHC energies deserve further study [35].
The situation would be different if the observed

positron flux were due to ”Cherenkov” emission
by superbradyons with kinetic energy ∼ 1 TeV,
vs slightly above c and cs ∼ 106 c. Then, the
superbradyon rest energy would be m2

s c
2
s ∼ 1024

eV and some spectacular decays could perhaps be
observed in UHECR experiments.
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4. Other tests of basic principles

The proposed approach based on QDRK and
the superbradyon hypothesis is not a purely phe-
nomenological one. It incorporates a coherent set
of basic hypotheses implying a composite char-
acter of conventional particles and a deformation
of the relativistic kinematics consistent with com-
posite pictures (phonon-like or refraction-like dis-
persion relations). It therefore contains the em-
bryo of a new fundamental theory, to be made
more precise as information from UHECR exper-
iments and from other sources will help to clarify
the situation. Superbradyonic physics can be sub-
stantially different from standard particle theory,
and superbradyons are just an illustrative exam-
ple of possible new physics beyond Planck scale.
Therefore, all conventional fundamental princi-
ples require further experimental verification.

QDRK can suppress the GZK cutoff, but it can
also generate mechanisms faking this cutoff and
based, for instance, on spontaneous UHECR de-
cays due to differences in the value of α between
standard particles [19,20,21,27]. Similar effects,
combined with LSV or independent of it, can re-
sult from other violations of fundamental princi-
ples such as quantum mechanics (h has a compar-
atively large uncertainty) or energy-momentum
conservation [21], or from unexpected vacuum
properties (local fluctuations, energy capture or
release) [11]. Deformed quantum commutation
relations can lead to intrinsic uncertainties in en-
ergy and momentum for UHECR [21].

Testing experimentally the actual structure of
space-time is a natural question in most theo-
retical approaches to particle physics, not only
about the validity of Lorentz symmetry but more
generally. A possibility considered in [39] was to
replace the standard four-dimensional space-time
by a SU(2) spinorial one, so that spin-1/2 parti-
cles would be representations of the actual group
of space-time transformations. Extracting from a
spinor ξ the scalar | ξ |2 = ξ†ξ where the dagger
stands for hermitic conjugate, a positive cosmic
time t = | ξ | can be defined which leads in
particular to a naturally expanding Universe.

Another unconventional space-time pattern has
been recently suggested by Anchordoqui and

other authors [42], where the number of effec-
tive space dimensions decreases with the energy
scale through scale thresholds. Possible thresh-
olds in LSV were also considered in [31]. As al-
ready foreseen for LSV and DRK [3,27,31], this
new LSV approach may cure ultra-violet diver-
gencies in field theories. Anchordoqui et al. also
suggest that the pattern presented in [42] may ex-
plain elongated jets in cosmic-ray data possibly
observed by Pamir [43] and other experiments.
As shown in [11], missing transverse energy

in cosmic-ray interaction jets above some energy
scale (∼ 1016 eV ?) can actually be a consequence
of the production of superluminal objects (waves,
particles...) involving a small portion (provided
by the target) of the total energy and a negligi-
ble fraction of momentum. Assume for simplicity
that a UHECR of mass m, energy E and mo-
mentum p hits an atmospheric target of mass M
at rest, and that the final state is made of two
particles of mass m′ and longitudinal momentum
(in the direction of the incoming cosmic ray) p/2.
The total energy is E + M c2, and E will be
mainly spent to fulfil the requirement of momen-
tum conservation in the longitudinal direction.
We get for each of the two produced particles:

pT
2 ≃ M c p/4 (7)

where pT is transverse momentum, correspond-
ing to a transverse energy ET ≃ M c2/2 pro-
vided by the target mass term. The available
transverse energy for these secondaries becomes
smaller in the presence of a simultaneous emis-
sion of exotic objects (particles, waves...) with
an overall energy (captured by vacuum?) ∆Evac

comparable to that of the target and longitudi-
nal momentum ∆pvac << ∆Evac c−1. The
transverse energy of the above secondaries is then
ET ≃ (M c2 − ∆Evac)/2, with:

pT
2 ≃ (M c − ∆Evac c−1) p/4 (8)

Superbradyonic kinematics would forbid a signif-
icant momentum for the exotics. vs ∼ c and
cs ∼ 106 c yield ms ∼ 10−3 eV c−2, ps ∼ 10−3

eV c−1 and kinetic energy ∼ 10−3 eV [11]. Polar-
ization effects inside vacuum and secondaries can
play a role in subsequent planar jet alignment.
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5. Conclusion

When suggesting to test relativity through LSV
patterns with a VRF and UHECR experiments, it
was stressed more generally [3] that high-energy
cosmic-ray physics provides a powerful micro-
scope directly focused on the fundamental length
(Planck?) scale. Such a statement applies in
fact to all basic principles of Physics. The ef-
ficiency of this unprecedented tool will depend
on the amount and quality of UHECR data, as
well as on our understanding of these data and of
other physical informations. This will necessarily
require a long-term effort before trying to build a
realistic new theory of matter and space.
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