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ione�desy.deAbstra
t. Motivated by s
enarios of quantum gravity, Plan
k-suppressed deviations fromLorentz invarian
e are expe
ted at observable energies. Ultra-High-Energy Cosmi
 Rays, themost energeti
 parti
les ever observed in nature, yielded in the last two years strong 
onstraintson deviations suppressed by O(E2=M2Pl) and also, for the �rst time, on spa
e-time foam, stringyinspired models of quantum gravity. We review the most important a
hievements and dis
ussfuture outlooks.1. Introdu
tionQuantum Gravity (QG) has posed a 
hallenge to many theoreti
al physi
ists of the lastgeneration and is at present far from understood. Although we do not yet have a singleexperiment or observation for
ing us to introdu
e su
h a theory1, we de�nitely need it, notonly on philosophi
al grounds (redu
tionism as a driving for
e in physi
s), but also be
ause weknow that in physi
ally relevant regimes (e.g. singularities in 
osmology and in bla
k holes...)our 
lassi
al theory of gravitation fails to be predi
tive. However, when sear
hing for QG, wehave to ta
kle not only deep theoreti
al problems (e.g. the renormalizability of gravitationaltheories, the possible loss of unitarity in gravitational phenomena [1℄, the meaning of time inQG [2, 3℄) but also the la
k of observational and experimental guidan
e. The typi
al s
ale atwhi
h QG e�e
ts should be
ome relevant is expe
ted to be the one at whi
h the gravitationala
tion (the Einstein-Hilbert a
tion for General Relativity) be
omes of the order of the quantumof a
tion ~. This happens at the so 
alled Plan
k s
ale MPl �p~
=GN ' 1:22 � 1019 GeV=
2whi
h 
orresponds to energies well above the 
apabilities of any Earth based experiment as wellas any observationally a

essible regime.However, the situation may be better than it appears at �rst sight. In fa
t, models ofgravitation beyond General Relativity and models of QG have shown that there 
an be severallow energy \reli
 signatures" of these models, whi
h would lead to deviation from the standardtheory predi
tions in spe
i�
 regimes.1 However, part of the gravitation theory 
ommunity would remark that 
urrent 
osmologi
al observations (darkenergy and dark matter issues) are de�nitely taking up this role.
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Here we fo
us upon the phenomenology of violations of fundamental symmetries, given thata 
onvenient way to perform high-pre
ision tests is to look for experimental deviations fromsymmetries that are believed to hold exa
tly in nature and that 
ould be broken by QG.An example of su
h a fundamental symmetry is CPT invarian
e, whi
h requires that physi
sbe un
hanged under the 
ombination of 
harge 
onjugation (C), parity inversion (P) and timereversal (T). C 
onne
ts parti
les and antiparti
les, P represents a spatial re
e
tion of physi
alquantities with respe
t to the 
oordinate origin and T reverses a physi
s rea
tion in time.In Quantum Field Theory, Lorentz symmetry is intimately related to CPT symmetry. Indeed,one of the hypotheses of the well known \CPT theorem" is Lorentz invarian
e. If CPT is broken,then at least one of the hypotheses of the CPT theorem should also break down. It has beenproven [4℄ that Lorentz symmetry is the failing assumption in the so 
alled \anti-CPT theorem",whi
h states that in any unitary, lo
al, relativisti
 point-parti
le �eld theory CPT breakingimplies Lorentz violation. Note however that the 
onverse of this statement is not true: it ispossible to violate Lorentz invarian
e while keeping CPT exa
t2.Thus, it is interesting to study both the theory and the phenomenology of Lorentz invarian
eviolation (LV), whi
h may yield a glimpse of QG. In re
ent years, attempts to pla
e 
onstraintson high-energy deviations from LI have mainly fo
used on modi�ed dispersion relations forelementary parti
les. Indeed, spe
i�
 hints of LV arose from various approa
hes to QuantumGravity. Among the many examples are string theory tensor VEVs [6℄, spa
e-time foam [7℄,semi
lassi
al spin-network 
al
ulations in Loop QG [8℄, non-
ommutative geometry [9, 10, 11℄,some brane-world ba
kgrounds [12℄ and 
ondensed matter analogues of \emergent gravity" [13℄.Lorentz symmetry breaking is not a ne
essary feature of QG, but it is 
lear that any possibleLV e�e
t 
onne
ted with the Plan
k s
ale 
ould provide an observational window into QG.However, to dire
tly observe phenomena 
onne
ted with MPl would require the 
enter of massenergy of, e.g., a s
attering pro
ess to be 
omparable to MPl. This is 15 orders of magnitudelarger than what the LHC 
an probe with its design 
enter of mass energy of 14 TeV. Onthe other hand, if we are testing LI spe
i�
ally, then also non-LI quantities 
an be important.The energy of the parti
le in some frame, or a 
osmologi
al propagation distan
e are widelydis
ussed examples. These quantities 
an be so large as to e�e
tively o�set the MPl suppressionto a physi
al observable, so that very small 
orre
tions are magni�ed. For this reason, they are
alled \windows on QG".In order to 
orre
tly identify su
h \windows on QG" it is important to pla
e them into adynami
al framework. A standard method is to study, within the 
ontext of E�e
tive FieldTheory (EFT), a Lagrangian 
ontaining the standard model �elds and all LV operators ofinterest that 
an be 
onstru
ted by 
oupling the standard model �elds to new LV tensor �eldsthat have non-zero va
uum expe
tation values [14, 15, 16, 17, 18, 19℄. 3 A generi
 result of thispro
edure is the presen
e of modi�ed dispersion relations for parti
les, of the formE2 � p2 = m2 + f(~p;MPl;�) ; (1)where m is the parti
le mass, E its energy, the fun
tion f represents the QG 
ontribution and
an depend generi
ally on the momentum ~p, on MPl and on some intermediate mass s
ale �.For simpli
ity we assume that only boost invarian
e is broken, while rotations are preserved (see2 However, this theorem does not hold for theories that do not admit a lo
al �eld theory formulation and that
an therefore have unexpe
ted properties [5℄.3 There are other approa
hes to either violate or modify Lorentz invarian
e, that do not ne
essarily yield a lowenergy EFT (see [20℄ and refs therein). However, these models do not easily lead to parti
le physi
s 
onstraintsas the dynami
s of parti
les is less well understood. Therefore we do not 
onsider them here. In parti
ular, weremark here that ideas of deformation, rather than breaking, of the Lorentz symmetry (see, e.g., [21℄) do not havean ordinary-EFT formulation, hen
e they 
annot be tested with the pro
edures dis
ussed here.



[22℄ for further 
omments on rotation breaking), so that f depends on p = j~pj, rather than on~p. Moreover, at p�MPl we 
an expand f so that Eq. (1) readsE2 � p2 = m2 + NXn=1 �(n) pnMn�2Pl ; (2)All renormalizable LV operators (
orresponding to n = 1; 2) that 
an be added to the standardmodel are known as the (minimal) Standard Model Extension (mSME) [14℄. These operatorsall have dimension three or four and 
an be further 
lassi�ed by their behavior under CPT. TheCPT odd dimension �ve kineti
 terms for QED were written down in [15℄ while the full set ofdimension �ve operators were analyzed in [17℄. The dimension �ve and six CPT even kineti
terms for QED for parti
les 
oupled to a non-zero ba
kground ve
tor, whi
h we are primarilyinterested in here, were analyzed in [18℄. It is notable that SUSY forbids renormalizable operatorsfor matter 
oupled to non-zero ve
tors [16℄ but permits nonrenormalizable operators.Many of the operators in these various EFT parameterizations of LV have been very tightly
onstrained via dire
t observations (see [22, 23, 24℄ for extensive reviews). Moreover, higherdimension LV operators 
an be tightly 
onstrained by EFT arguments [25℄ showing that theywill generi
ally indu
e via radiative 
orre
tions large dimension 3 and 4 operators in 
oupledparti
les if we assume no other relevant physi
s enters between the TeV and MPl energies.This is a very powerful argument whi
h applies basi
ally to any Lorentz violating theory (seee.g. [26℄) and should not be arbitrarily dis
ounted. However, as the SUSY example above shows,this assumption 
an be a little dangerous as new physi
s above a TeV 
an 
hange the hierar
hyof terms. In parti
ular SUSY would prohibit dimension 3 and 4 operators and on
e brokenwould add an extra O(�SUSY =MPl)-to-some-suitable-power suppression. We still do not knowif SUSY 
an really do this job and it is not 
lear if this is the 
orre
t solution of this naturalnessproblem. However, given the present un
ertainty on this, it would be ni
e, when possible, to
onstrain the dimension �ve and six LV kineti
 terms dire
tly via observation.Mass dimension �ve CPT odd operators have been strongly 
onstrained, both in QED and inthe hadroni
 se
tor, using a wealth of observations spanning from the syn
hrotron spe
trumof the Crab nebula (and its hard X-ray polarization) to the ultra-high-energy 
osmi
 rays(UHECR), (see e.g. [24℄). Here we shall 
onsider expli
itly terms 
oming from dimension �veand six CPT even LV operators, so that the dispersion relations for protons, pions, and photonsrespe
tively, take the form [27℄E2p = p2 +m2p + �p p4M2Pl ; E2� = p2 +m2� + �� p4M2Pl ; !2 = k2 + � k4M2Pl (3)The su

essful operation of the PAO has brought UHECRs to the interest of a wide 
ommunityof s
ientists and has allowed to test fundamental physi
s (in parti
ular Lorentz invarian
e inthe QED se
tor) with unpre
edented pre
ision [28, 29, 30℄. Given that the most importantdevelopments in the last years were a
hieved in the 
ontext of UHECR physi
s, we will reviewthe role of UHECRs in the following.2. Ultra-high-energy Cosmi
 Rays and LVThe UHECR 
onstraints [31, 32, 33, 34, 35, 36, 27, 37℄ rely on the behavior of parti
le rea
tionthresholds with LV. What matters for threshold rea
tions in the presen
e of modi�ed dispersionrelations as in Eq. (2) is not the size of the LV 
orre
tion 
ompared to the absolute energy ofthe parti
le, but rather the size of the LV 
orre
tion to the mass of the parti
les in the rea
tion.Hen
e the LV terms usually be
ome important when their size be
omes 
omparable to the massof the heaviest parti
le. This 
riterion sets the presen
e of a 
riti
al energy E
r above whi
h LV



e�e
ts are relevant in a given threshold rea
tion. If the LV term s
ales with energy as En, thenE
r � �m2Mn�2Pl �1=n [38℄. A

ording to this reasoning, the larger the parti
le mass the higheris the energy at whi
h threshold LV e�e
ts 
ome into play.2.1. Constraints from the UHECR spe
trumThe Cosmi
 Ray spe
trum spans more than ten de
ades in energy (from < 100 MeV to> 1020 eV) with a power-law shape of impressive regularity dN=dE / E�p. The spe
tralslope p has been measured as p ' 2:7 for 1 GeV . E . 1015:5 eV, followed by a softening(the \knee") to p ' 3:0 for 1015:5 eV . E . 1017:5 eV, a further steepening to p ' 3:2 (the\se
ond knee") up to E ' 1018:5 eV and a subsequent hardening (the \ankle") to again p ' 2:7at E & 1018:5 eV [39, 40℄.One of the most fas
inating problems regarding CRs is at what energy the end-point to the CRspe
trum o

urs. A suppression to the spe
trum is expe
ted theoreti
ally due to the intera
tionsof UHECR protons with the Cosmi
 Mi
rowave Ba
kground (CMB), leading to the produ
tion of
harged and neutral pions, eventually dumping the energy of the UHECR protons into neutrinosand 
-rays. This rea
tion has a LI threshold energy Eth ' 5 � 1019 (!b=1:3 meV)�1 eV (!b isthe target photon energy). Therefore, at the present epo
h, signi�
ant photo-pion produ
tionin a LI theory o

urs only if the energy of the intera
ting proton is above a few 1019 eV, withthe CR mean-free-path rapidly de
reasing above this energy. Hen
e, it has long been thoughtto be responsible for a 
ut-o� in the UHECR spe
trum, the Greisen-Zatsepin-Kuzmin (GZK)
ut-o� [41, 42℄. Moreover, trans-GZK parti
les arriving at Earth must be a

elerated within theso 
alled GZK sphere, whose radius is expe
ted to be of the order of 100 Mp
 at � 1020 eV andto shrink down at larger energies. Experimentally, the presen
e of a suppression of the UHECRspe
trum has been 
on�rmed only re
ently with the observations by the HiRes dete
tor [43℄and the PAO [44℄. Although the 
ut-o� 
ould be also due to the �nite a

eleration powerof the UHECR sour
es, the fa
t that it o

urs at roughly the expe
ted energy favors a GZKexplanation. The 
orrelation results shown in [45℄ further strengthen this hypothesis.It is this s
enario where possible LV e�e
ts 
ome into play. LV has two e�e
ts on UHECRpropagation: it modi�es standard rea
tions and allows new, normally forbidden rea
tions. Inparti
ular, in [27℄ it was 
onsidered� p+ 
 ! p+ �0 (n+ �+), whi
h is modi�ed by LV.� p ! p + 
 and p ! p + �, whi
h 
orrespond respe
tively to photon and pion emission inva
uum and would be forbidden if LI were exa
t.As a 
onsequen
e of LV, the mean free path for the GZK rea
tion is modi�ed. The propagatedUHECR spe
trum 
an therefore display features, like bumps at spe
i�
 energies, suppressionat low energy, re
overy at energies above the 
uto�, su
h that the observed spe
trum 
annotbe reprodu
ed. Moreover, the emission of Cherenkov 
-rays and pions in va
uum wouldlead to sharp suppression of the spe
trum above the relevant threshold energy. After adetailed statisti
al analysis of the agreement between the observed UHECR spe
trum and thetheoreti
ally predi
ted one in the presen
e of LV and assuming pure proton 
omposition, the�nal 
onstraints implied by UHECR physi
s are (at 99% CL) [27℄� 10�3 . �p . 10�6�10�3 . �� . 10�1 (�p > 0) or . 10�6 (�p < 0) : (4)2.1.1. Role of UHE nu
lei UHECR 
onstraints have relied so far on the hypothesis, not in
ontrast with any previous experimental eviden
e, that protons 
onstituted the majority ofUHECRs above 1019 eV. Re
ent PAO [46℄ and Yakutsk [47℄ observations, however, showedstrong hints of an in
rease of the average mass 
omposition with rising energies up to E �



1019:6 eV, although still with large un
ertainties. Hen
e, experimental data suggests that heavynu
lei 
an possibly a

ount for a substantial fra
tion of UHECR on Earth.One 
an assume that ea
h individual nu
leus has its own independent modi�ed dispersionrelation and make a further simpli�
ation by assuming that energy and momentum of the nu
leusare the sum of energies and momenta of its 
onstituents [38℄. With this approximation (and alsotaking the masses of protons and neutrons to be equal), the dispersion relation for a nu
leus ofmass A and 
harge Z 
an be written as [48℄E2A = (AE1)2 = (Ap1)2 + (Am1)2 + �A2 (Ap1)4M2Pl = p2A;Z +m2A;Z + �pA2 p4A;ZM2Pl : (5)So now we have only one free parameter, �p, for the nu
leon, while for nu
lei there are e�e
tiveparameters of the form �A = �p=A2. This phenomenologi
al model guarantees that the 
orre
tdispersion relations are re
overed when dealing with ma
ros
opi
 obje
ts [38℄, for whi
h QGe�e
ts should be suppressed.Assuming that 
urrent hints for a heavy 
omposition at energies E � 1019:6 eV [46℄ maybe 
on�rmed in the future, and that some UHECR is observed up to E � 1020 eV [49℄, one
ould pla
e a �rst 
onstraint on the absen
e of spontaneous de
ay for nu
lei whi
h 
ould notspontaneously de
ay without LV [48℄. It will pla
e a limit on �p < 0, be
ause in this 
ase theenergy of the emitted nu
leon is lowered with respe
t to the LI 
ase until it \
ompensates" thebinding energy of the nu
leons in the initial nu
leus in the energy-momentum 
onservation.An upper limit for �p > 0 
an instead be obtained from va
uum Cherenkov emission [48℄.Assuming UHECR to be mainly iron at the highest energies the 
onstraint is given by �p . 2�102for nu
lei observed at 1019:6 eV (and �p . 4 for 1020 eV), while for He it is �p . 4�10�3 (10�4).UHE nu
lei su�er mainly from photodisintegration losses as they propagate in theintergala
ti
 medium. Be
ause photodisintegration is indeed a threshold pro
ess, it 
an bestrongly a�e
ted by LV. A

ording to [48℄, and in the same way as for the proton 
ase, themean free paths of UHE nu
lei are modi�ed by LV in su
h a way that the �nal UHECR spe
traafter propagation 
an show distin
tive LV features. However, a quantitative evaluation of thepropagated spe
tra has not been performed yet.2.2. Constraints from UHE 
-raysPhotopion intera
tions of UHECR protons with the CMB lead to the produ
tion of neutralpions whi
h subsequently de
ay into UHE 
-ray pairs. The PAO and the Yakutsk and AGASAexperiments imposed limits on the presen
e of photons in the UHECR spe
trum. In parti
ular,the photon fra
tion is less than 2.0%, 5.1%, 31% and 36% (95% C.L) at E = 10, 20, 40, 100EeV respe
tively [50, 51℄. From the theoreti
al side, and bearing in mind the un
ertaintiesrelated to sour
e and propagation e�e
ts, it is well established that in a LI framework UHEphotons are attenuated by pair produ
tion onto the CMB and Radio ba
kground during theirtravel to Earth, leading to their fra
tion in the total UHECR 
ux being redu
ed to less than 1%at 1019eV and less than 10% at 1020 eV [52, 53℄. It was shown in a framework with modi�eddispersion relations for both photons and e+=e� and standard energy/momentum 
onservation,that pair produ
tion 
ould be e�e
tively inhibited at high energy, due to the presen
e of anupper threshold [54℄,4 and therefore the fra
tion of photons present in UHECRs on Earth wouldviolate the present experimental upper limits. Hen
e, the non observation of a large fra
tion ofUHE photons in UHECRs implies the 
onstraint j�j < O(10�14) in the EFT framework [29, 30℄.4 An upper threshold is an energy above whi
h it is not possible to simultaneously 
onserve energy and momentumin an intera
tion. If Lorentz symmetry is exa
t then upper thresholds do not exist, while they might well exist ifit is violated [55℄.



2.2.1. Constraints on spa
e-time foam models The re
ent dete
tion of time delays on arrivalof high energy 
-rays [56, 57℄ led to renewed interest of the astrophysi
s 
ommunity in QGindu
ed LV e�e
ts. The observed time delays 
an be explained, and are a
tually expe
ted,in standard astrophysi
al s
enarios hen
e they 
an be readily used to pla
e 
onstraints on LVmodels. However, time delays are naturally predi
ted also in generi
 LV QG models. It is nowestablished that any LV model able to reprodu
e the observed delays and admitting an EFTformulation is in tension with other astrophysi
al observations (see e.g. [24℄). Up to now, theonly fully developed LV model able to explain the observed time delays has a string theoryorigin and does not admit an EFT formulation [58, 59, 60, 61, 62, 63, 64, 65℄. Therefore,if observed time delays were due to su
h QG e�e
ts, the propagation of GeV photons over
osmologi
al distan
es 
ould not be des
ribed within EFT. Given that EFT is a

urately veri�edwith terrestrial a

elerators up to � 100 GeV, this would be a very striking and revolutionary
on
lusion.In the model [58, 59, 60, 61, 62, 63, 64, 65℄ only purely neutral parti
les, su
h as photons orMajorana neutrinos, possess LV modi�ed dispersion relations. For photons this has the formE2
 = p2 � � p3M ; (6)with the free parameter � > 0. Hen
e only subluminal photons are present in the theory, andphoton propagation in va
uum is not birefringent. Due to sto
hasti
 losses in intera
tions withthe D-brane foam, exa
t energy-momentum 
onservation during intera
tions does not hold. Thislast phenomenon is 
ontrolled by the free parameter �I [59℄.A

ording to Eq. (6) photons with di�erent energy travel at di�erent speeds. Then, if asour
e at redshift �z simultaneously emitted two photons at energy E01 6= E02, their time delay atEarth will be �t ' ��EM 1H0 Z �z0 dz 1 + zp
� + (1 + z)3
M ; (7)where �E is the observed energy di�eren
e and the integral on redshift a

ounts also for redshiftof the energy [66, 67, 68℄. Time-of-
ight 
onstraints are then viable for this model, even thoughthey lead at most to 
onstraints on �, be
ause �I is not e�e
tive in this 
ontext.Rather intriguingly, the FERMI Collaboration has re
ently reported the dete
tion of delayson arrival of 
-ray photons emitted by distant GRBs, in parti
ular GRB 080916C [56℄ and GRB090510 [57℄ (see however [67℄ for an updated review). A thorough analysis of these delays inthe energy range 35 MeV { 31 GeV allowed to pla
e for the �rst time a 
onservative 
onstraintof order � . 0:8 [57℄ on LV e�e
ts expressed as in Eq. (6). This is the best 
onstraint so faravailable on the theory. On the other hand, FERMI results 
an be interpreted in terms of LVassuming � ' 0:4 and a possible evolution of the D-parti
le density with redshift [65℄.5In order to 
onstrain the D-brane model, the pro
ess of pair produ
tion, 

 ! e+e�, 
anbe exploited [69℄. Indeed, a

ording to [69℄ also in the D-brane model pair-produ
tion exhibitsupper thresholds whi
h, for values of the free parameters �; �I & O(10�12), are lo
ated atE > 1019 eV. This would lead to UHECRs being 
onstituted by a large fra
tion of photons, in
ontrast with experimental data [69℄. Therefore, a limit �; �I . 10�12 is pla
ed [69℄. This alsomeans that D-parti
le explanations of time delays in the GeV range are in 
on
i
t with dataon the photon fra
tion in UHECRs (although some possible implementations of the model [62℄were re
ently proposed [70℄ whi
h would naturally evade the above 
onstraints).5 Plausible astrophysi
al explanations of this phenomenon exist. No 
laim of a dis
overy of LV 
an be made onthe basis of the data reported in [56, 57℄, where only LV 
onstraints are dis
ussed.



2.3. Foreseen 
onstraints from UHE neutrinosNeutrinos, with their tiny mass of order m� ' 0:01 eV [71℄, are in prin
iple the most suitedparti
les to provide strong 
onstraints on LV, at least for rea
tions involving only neutrinos.Despite the threshold being low for LV e�e
ts to ki
k in, neutrinos with ultra-high energy arene
essary to a
hieve a signal, as they intera
t so weakly that the phase spa
e for a LV rea
tionmust be huge to generate an appre
iable rate. This requirement implies that very large energiesare needed.If one negle
ts exoti
 sour
es of UHE neutrinos, the \
osmogeni
" neutrino 
ux is 
reated[72, 73, 74, 75℄ via the de
ay of 
harged pions produ
ed by the intera
tion of primary nu
leonswith CMB photons above the GZK threshold. Violation of LI however introdu
es newphenomena in the propagation of UHE neutrinos. A detailed list 
an be found in [76℄, howeverwe shall fo
uss here on the so 
alled �-splitting � ! ���� as it ex
lusively involves the neutrinose
tor and has a high enough rate to be seen at UH energies.The e�e
ts of neutrino splitting on the UHE neutrino spe
trum are twofold and 
an beunderstood qualitatively as follows.Flux suppression at UH energies The splitting is e�e
tively an energy loss pro
ess for UHEneutrinos. If the rate is suÆ
iently high, the energy loss length 
an be below 1 Mp
. Let us
all �E(��) the energy at whi
h this happens. Then, being GZK neutrinos produ
ed mainlyat distan
es larger than 1 Mp
, we do not expe
t any neutrino to be dete
ted at Earthwith E > �E. The mere observation of neutrinos up to a 
ertain energy Eobs would imply a
onstraint [76℄ �(4)� . � Eobs6� 1018 eV��13=4 : (8)Flux enhan
ement at sub-UH energies Neutrinos lose energy by produ
ing lower energyneutrinos. Eventually these neutrinos will be
ome stable, either be
ause their energy isbelow threshold, or be
ause their lifetime is larger than their propagation time. A

ordingly,an enhan
ement of the neutrino 
ux at energies below few� 1018 eV is expe
ted [76℄.Next generation neutrino dete
tors su
h as ANITA [77℄ and SuperEUSO [78, 79℄ are sensitiveto neutrinos of energies > 1019 eV. Further experiments, like the planned ARIANNA [80, 81℄and I
eRay [82℄, will 
over the range 1017� 1020 eV. The s
enarios des
ribed above 
an then betested in the near future and 
onstraints �� < 10�4 will be potentially 
ast a

ording to Eq. (8).3. SummaryQG phenomenology of Lorentz and CPT violations is a su

ess story in physi
s. We haveprogressed in few years from almost no tests to tight, robust 
onstraints on EFT models andsome spa
etime foam models. In summary for EFT with LV the situation is:QED up to O(10�22) on n = 2, O(10�11) on n = 3, O(10�7) on n = 4Hadrons up to O(10�50) on n = 1, O(10�27) on n = 2, O(10�14) on n = 3, O(10�6) on n = 4Neutrinos up to O(10�27) on n = 2, O(10�14) on n = 3, expe
ted O(10�4) on n = 4Chan
es are high that improving observations in HE astrophysi
s will strengthen these
onstraints in a near future. Let us note however, that there is a noti
eable missing voi
ein the above list, this is the gravitational se
tor. In parti
ular, it would be important to 
ast inthe future 
onstraints whi
h are purely gravitational, given that this framework seems to haveboth theoreti
al [83℄ as well as phenomenologi
al reasons for being pursued [84℄6. We leave this6 Basi
ally if LV operators are present only in the gravitational se
tor the indu
ed LV operators in StandardModels parti
les are further suppressed by the smallness of the Newton 
onstant provided the Lorentz breakings
ale is mu
h lower energy s
ale than the Plan
k one. This 
ould be then a way out of the previously dis
ussednaturalness problem.



for future studies.4. Con
lusions and Perspe
tivesLorentz invarian
e of physi
al laws relies on only few assumptions: the prin
iple of relativity,stating the equivalen
e of physi
al laws for non-a

elerated observers, isotropy (no preferreddire
tion) and homogeneity (no preferred lo
ation) of spa
e-time, and a notion of pre
ausality,requiring that the time ordering of 
o-lo
al events in one referen
e frame be preserved [85, 86, 87℄.In this sense a breakdown of Lorentz invarian
e does not ne
essarily imply a breakdown of therelativity prin
iple. For this reason, it is worth exploring an alternative possibility that keeps therelativity prin
iple but that relaxes one or more of the above postulates. Su
h a possibility 
anlead to the so-
alled very spe
ial relativity framework [88℄, whi
h was dis
overed to 
orrespond tothe break down of isotropy and to be des
ribed by a Finslerian-type geometry [89, 90, 91℄. Noti
ethat in this example the generators of the new relativity group number fewer than the usualten asso
iated with Poin
ar�e invarian
e. Spe
i�
ally, there is an expli
it breaking of the O(3)group asso
iated with rotational invarian
e. Finsler-type geometries have also been 
onsideredas a possible geometri
 framework for modi�ed dispersion relations like Eq. (2) in [92℄ albeitthe possibility to use them as the geometri
 
ounterpart of Minkowski spa
etime for alternativespe
ial relativity groups seems hampered by stru
tural problems (see e.g. [93℄ and referen
estherein).One may wonder whether there exist alternative relativity groups with the same number ofgenerators as spe
ial relativity. Currently, we know of no su
h generalization in (
ommutative)
oordinate spa
e. However, it has been suggested that, in non-
ommutative spa
etime, su
h ageneralization is possible, and it was termed \doubly" or \deformed" (to stress the fa
t that itstill has 10 generators) spe
ial relativity, DSR [94℄. Unfortunately, the various DSR 
andidatesfa
e in general major problems regarding their physi
al interpretation and a working model isnot yet available (see however [94℄ for re
ent attempts in new dire
tions).Finally, it is a logi
al, and rather simple, possibility that a Lorentz symmetry breakdown
ould be signaling an interpolation from a relativity group to another one, for example twospe
ial relativity groups 
hara
terized by di�erent limit speeds (see [95℄ for an example in the so
alled analogue gravity 
ontext [13℄) or between a Lorentzian and an Eu
lidean Poin
ar�e group(see [96℄ for an expli
it, analogue gravity inspired, example). Even more intriguingly it mightbe that a Lorentz invariant world 
ould emerge from a non-relativisti
 system living in lowerdimensions (e.g. the e�e
tive dimension of quantum gravity models seems to generi
ally redu
eto two at very short s
ales [97℄)In 
on
lusion, we should take the experien
e in 
onstraining EFT with LV as a lesson thatwe 
an and we must 
hallenge quantum/emergent gravity s
enarios with the observational test.However, we 
annot say yet \mission a

omplished" for what regards testing possible deviationsfrom lo
al Lorentz invarian
e at small s
ales as we have started testing the most obvious, generi
s
enarios. New tests will probably require pi
king up more spe
i�
 models for what lies beyondthe Plan
k s
ale and will rely more heavily on these assumptions. This task will also probablyrequire a better use and knowledge of the 
urrent (mainly astrophysi
al) data. Still we feel thatany possibility to 
onfront our ideas with reality should be pursued without hesitations, andthat the path walked in these years should be followed. There 
annot be any 
redible quantumgravity resear
h without a rigorous quantum gravity phenomenology 
hallenge.Referen
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