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Loop quantum gravity corrections and cosmic ray decays
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Loop quantum gravity effective theories are reviewed in the context of the observed Greizen-Zatsepin-
Kuz’'min limit anomaly and related processes. This is accomplished through a kinematical analysis of the
modified threshold conditions for the decay reactions involved, arising from the theory. Especially interesting
is the possibility of a helicity dependent violation of the limit, whose primary effect would be the observation
of favored helicity states for highly energetic particles.
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[. INTRODUCTION festation of decaying magnetic monopolgRd], and the
decay of superheavy relic particlgkl]. Another more ortho-

The vast void that still separates us from a definite versiorflox explanation can be found in the existenceZobursts
of a quantum theory of gravity, and the fact that severaproduced by collisions between ultrahigh energy neutrinos
alleged versions of it are being proposed, has motivated thand cosmic relic neutrinog12—-14. However, neither of
development of various semiclassical approaches. These affiese previous possibilities is fully satisfactory.
proaches follow the form of effective theories which take Another relevant observation is the detection of extraga-
into consideration matter-gravity couplings, such as delactic multi-TeV photons from the BL Lac object known as
scribed in a number of recent works—4], whose main re- Markarian (Mrk) 501 [15]. These detected photons have
sults are the introduction of new terms in the equations ofeached energies up to 20 TeV. Similar to the case of protons,
motion for the system described. An inevitable outcome ofthese multi-TeVy rays are subject to interaction with the far
these works is the introduction of Lorentz invariance defor-infrared background radiatio(FIBR), setting a limit to the
mations(LID’s) at the effective theory level. These deforma- energy of the photons that can reach us. Initially, the col-
tions become manifest when one analyzes the dispersion réected data suggested a violation of this limit, although it has
lations for freely propagating particles, and may haverecently been stated that no such violation eXis&19. We
notorious consequences in high energy phenomena. adopt this last position.

In particular, bott{3] and[4] are based on the loop quan-  In this paper we study the possible bounds on the length
tum gravity (LQG) framework[5]. In these works, the ef- scale £ emerging from the two observations mentioned
fects of the loop structure of space, at the Planck level, ar@bove. This is accomplished through a kinematical analysis
treated semiclassically through a coarse-grained approxim&f the threshold conditions for the decays to be possible. In
tion. An interesting feature of this kind of method is the particular, since the GZK limit is broken, we assume that a
appearance of a new length sc#&léwith £> Planck length reasonable explanation is found in the LID’s offered by the
l,), such that for distances< £ the quantum loop structure theory (see[16—-18 for other similar approachgsOn that
of space is manifest, while for distana#s £ the continuous ~ score, the LID manifestations will, in certain cases, depend
flat geometry is regained. This scale gives us the hope d#n the difference between two LQG parameters, each one
bringing the effects of quantum gravity to an observablebelonging to a different particle. For instance, as shown in
level. A natural question thus arises. Are we actually observl16], if the dispersion relation for a particleis (from here
ing these quantum gravity effects? To answer this questio@n,=c=1)
we are forced to go through the observations of the greatest
energy registered. Ef=Api+m? @

The most energetic measured events are found in the form
of ultrahigh energy cosmic rayUHECR's) [6,7]. Such (whereE;, p;, andm; are the energy, momentum, and mass
events(energies above 0 eV) actually violate the theoret- of the ith particle, andA; is a LID parameter that can be
ical threshold known as the Greisen-Zatsepin-Kuz'mininterpreted as the maximum velocity of thté particle, then
(GZK) limit [8,9], according to which no extragalactic cos- one can show that the mentioned thresholds can be substan-
mic ray can exceed, in energy, the value of 50'° eV. This tially modified provided that the differenc8A=A,—A, is
current limit takes into consideration the interaction of pro-not null (a andb are two particles involved in the reaction
tons with photons from the cosmic microwave backgroundeading to the mentioned threshpldDf course, this effect
radiation(CMBR). There have been different attempts to for- compromises the universality of the given parameters,
mulate a convincing explanation about why such energetinamely, the fact that thé, parameters—which eventually
particles are reaching the Earth. In a purely theoretical fasheontain the information regarding the matter-gravity
ion, perhaps the most interesting explanations are the mantoupling—are not the same for all particles. In the case of

the current LQG effective theories, these nonuniversal devia-

tions could be understood as the manifestation of the breakup
*Email address: jalfaro@puc.cl of classical symmetries, emerging as a consequence of the
"Email address: gpalma@astro.puc.cl choice of the quantum gravity vacuum. In this way, the stan-
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dard model structure of different particles could appearadimensional parameters of order 1. Thesigns stand for
through differentiated values for the parameters in questiorthe helicity of the propagating fermion. It should be stressed
In this respect, since we do not have detailed knowledge afhat the terms associated wiBhand 8, and which are pre-
the precise values of the correction parameters, we shall comisely causing the- signs, are both parity an@P T odd (in
sider all possible scenarios for the mentioned observationsfact, the equations of motion are invariant under charge con-
Finally, we must mention the fact that, in general, thejugation and time reversal operations
presence of LID’s forces us to consider the appearance of a In what follows, it will be sufficient to consider
preferred reference system. In the case of the LQG correc-
tions that we will consider, the dispersion relations are valid [ 1
only in an isotropic system. For this reason, we shall natu-  E2=A%p?+ kslop?= K5—p2|p|+m2+z
rally assume that this preferred system is the CMBR comov- L
ing reference frame and, consequently, the threshold condi-
tions for the different decays should be considered keepinq
this in mind.

| 2
KSE_F;) . (4)

here nowA=1+«k4l,/L and k;, 3, and ks are of order
For simplicity, let us write (with 7=ksl5 and A
= kslp/2L7)

Il. DISPERSION RELATIONS FROM LOOP QUANTUM
GRAVITY

Here we present the main results fro&j and[4] relative ~ Where we have absorbed the quadratic termk4ninto the
to the modifications of the dispersion relations of freelymass. As we have said, the basis of the present work relies on
propagating neutrinogmore precisely, Majorana fermions the assumption that Eq2) is a valid expression for fermi-
and photons. We shall assume that the results for Majoran@nic particles in general. In particular, we will adopt the
fermions can be extended to fermions in general. This asexpression5) for electrons, protons, andl particles.
sumption relies on the fact that no substantial departure from
the original methods would be expected for the general case, B. Photons
since the only difference is that for Majorana fermions one
must impose the reality condition on the field equations. Of
course, one could expect that in the case of more general E.=p[A,— 05(1,p)2= gl ,p], (6)
fermions there would appear more corrective terms. Never-
theless, from the symmetry arguments found[8], we \yhere
should not expect newl andl, dependent corrections dif-

E2=A%p?+ pp*=2\p+m?, (5

For photong4], the dispersion relation is

ferent from those that already appear in the present theory. Iy 2+2Y
The appearance of the length scaledeserves special Ay=1ltry 7 : 7
attention.
In the previous expressiong. and p are the energy and
A. Fermions momentum of the photon, while, and ¢; are adimensional
For Majorana fermiong3], the dispersion relation is Parameters of order 1, andis a free parameter that, for the
given by moment, still needs interpretatidit should be noted that the
presence of th& parameter in the fermion dispersion rela-
) B \? ) ) tion was not considered ii8]). For simplicity we shall con-
EL=|Apt5;] +mi(atfp) (2 sider only the possibilitie' = —1/2, 0, 1/2, 1, etc., in such a
way thatA ~1+ O[(I,/£)"], with n=2+2Y a positive in-
where teger. With this assumption, we will be able to find a tenta-
tive value forY, through the bounding of the lower order
I I K3 correction of SA~O[(1,/£)"] (where SA=A_—A,, a
A:(1+Klzp+’<2 Zp + 7'5‘32)’ denoting another part(ic]pe : v

As before, we note the presence of tte signs which

I b\2 &7, , denote the helicity dependence of the photon. To the order of
B=(K5Z+K6 7 + 7Ipp ) interest, Eq(6) can be written
| EZ=p’[AZ£26,(1,p)]. ®)
a—= 1+ Kg_p), . . ..
L Notably, Eq.(8) is essentially the same result that Gambini

and Pullin[2] obtained for the photon’s dispersion relation,
g="= 3) with the difference that they hav&,=1 and therefore the
2 P semiclassical scalg is absent.
A similar contribution was also suggested by Ehisal.
In these expressiong,.. is the energy of the fermionic par- [21,229 (in this case, without helicity dependenc&hey
ticle of massm and momentunp, and thex; are unknown found
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E2=p?[1-2Mp'p], 9) vyl

2x

ni= (14)
whereMp is a mass scale coming from D-brane recoil ef-

fects for the propagation of photons in vacuum. When,
gamma ray burstGRB) data are analyzed to restritd

[22], the following condition arises:

this way we obtain two extremal situationg
=*v,|ppl/2, or simply

Mp=10* eV. (10) ni=+ (15

Clc__
o o

For the photon dispersion relation that we are currently con- ) ) _ ) _
sidering, Eq.(10) can be interpreted as the boufig= 104 A simple inspection shows that for the dispersion relations
Sinced,, is an adimensional parameter of order 1, expressiotthat we are considering the maximum energy is givemby
(8) is still a permitted dispersion relation, as far as GRB's are= —v}/v,, or, in other words, when frontal collision occurs.
concerned. We shall soon see other possibilities to contrast Summarizing, the threshold condition for a two-particle
with a 6, like term. (a and b) collision and posterior decay can be expressed
through the following requirements:
I1l. KINEMATICAL APPROACH

A decay reaction is kinematically allowed when, for a Ea+ Eb2f2| Es (16)
) - o - ina
given value of the total momentupy= XiitialP= ZfinalP>
one can find a total energy valug, such thatEq=Enin.  with all final particles having the same velocity, and
HereE,i, is the minimum value that the total energy of the
decaying products can acquire, for a given total momentum

50. To find E,;, for the dispersion relations under consider- Pa™ pb:f%” Pt (17)
ation, it is enough to take the individual decay product mo-

menta to be collinear with respect to the total momenﬁyn where the sign of the momeni;,,ps is given by the di-
and with the same direction. To see this, it is enough to varyection of the highest momentum magnitude of the initial
E, with the appropriate restrictions: particles. A more detailed treatment can be founglig.

As a final remark for this section, under certain circum-
stancegfor example, some special choice of the LID param-
eters the conditionv! = &; could give more than one solution
for the threshold-condition configuration. In fact, as noted in
where¢; are Lagrange multipliers, thieindex specifies the [20], for a reaction where two identical particles are the de-
ith particle, and thg index thejth vectorial component of caying products, it is possible to find configurations where
the different quantities. Doing the variation, we obtain the momenta of these particles are distributed asymmetri-

cally within them. However, for the present work, these ef-
i fects can be neglected since they give contributions to the
=vi=¢j. (12 threshold conditions that are smaller than those which we
will consider.

That is to say, the velocities of all product particles must be
equal to&. Since the dispersion relations that we are treating IV. DECAY REACTIONS

e monionaly reesng I e arse o DOMCB g e methods cescred n e st secon, e can
; ) s ind the threshold conditions for the decay reactions leading

collinear and with the same direction pg. . to the theoretical limits for cosmic rays. These thresholds
In the present work, we will focus on those cases in whichy| present some consequential modifications due to the pa-

two particles(saya andb) collide, and later decay. For the ameters of the theory. Here we examine the possible bounds

present, these particles will have momeptaand p,, re-  on these parameters. Let us start with the observations com-

spectively, and a total momentupy. Nevertheless, the total ing from multi-TeV y rays.

energy of the system will depend only dp,| and |py|.

Therefore, to get the threshold condition for the mentioned A. Pair decay y+y.—e +e"

process, we must find the maximum possible total energy

Emax Of the initial configuration, giverip,] and|py|. For

this, let us fixp, and vary the direction o, =|p,|n in

Eo=2 Ei(lpi)+¢

p%—Z pf’). (12)

JE,
ap!

Multi-TeV photons are subject to interactions with the

FIBR through the process+y.—e +e*, wherey, is a

soft photon from the FIBR. For this reaction to occur, the

_ > ~ ~y following threshold condition must be satisfied
Eo=Ea(Po—|ppln) + Ep(|pp) + x(n*=1). (13

R E,t w=Eg++Eg- (18
Varying Eq.(13) with respect ton (y is a Lagrange multi-
plier), we find with
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—k=pe++ Pe-- z
Py~ K=Pe++Pe (19 e =M. 27

In the above expressions, andk are the energy and mo-

mentum of the target photon from the FIBR. Since the entherefore, to contrast the new terms, we compare them with
ergy of these photons does not significantly exceed the ey quantity 4n§ in the right side of the inequalit{26).
range, we will consider for these the usual dispersion relation Following [19], no LID’s should be inferred from the
w=k. The above equations can be reexpressed as analysis of the data from the observed Markarian Blazar Mrk
501. This imposes strong bounds on our parameters and, in

2 2 2
Eit20E,=E +E+2EcEe- (200 particular, it means that any modified term must be less than
4m§ up to photons of energy 20 TeV. In the first place, let
and us see theA terms:
2 2
p5—2kp,=pa: +Pa +2Pet P (21 E2| A% AZ=2E%|A,— Al<4m;. (28)

where we have neglected the quadratic terms in the FIBRSO it follows that
guantities. An important property of the field equations from

which the fermion dispersion relation comes is that they are mg
charge conjugation invariant. Therefore we can take for both |5A|$2§- (29
electron and positron the same dispersion relation with the 4

same sign conventions. Furthermore, an analysis of conseg:

vation of angular momenta shows that both helicities ar valuating WithE,~20 TeV, we obtair{ SA| <1.3x 10" ™%
9 St we assume that the adimensional parameters are of order

equally probable for the emerging pair; hence for the rightl and take forY the value Y=-1/2 [so that SA

hand side of Eq(20) we must ensure that the energy of both ™’ . .
electron and positron, is the minimum possible. For this rea- O(1,/£)], we can estimate the following bound f@r

son, we must UsBg+=E-=E(_y, whereE_ is defined as [=6.4X10" 1 eV L. (30)

2
E()=A%p?*+ pp*—2|\|p+m?”. (22)  Nevertheless, typical values for the LID parameter difference

_ _ - o | 6A| are below 1022[16]. This in turn imposes a new bound
Physically, this condition means that the helicity state of les§>~g8 3x 1077 ev! (or £=10"* cm) which is nearly in

energy is the one that sets the threshold condition. With thighe range of nuclear physics. Since there is no evidence that
consideration, we are left with space manifests its loop structure at this scale, we interpret
this result to mean thasA=O(1%/L£?) (that is, the univer-
sality is broken at most in second order in the rd{jél).

. i ) . With this last assumption we obtain a favor¥d=0 value,
From the dispersion relation®) and (8) we can write the 514 the bound

last equation as

2 2
E2+20E,>4E7 . (23

- £=8.3x10718 eV 1, (31)
PILAS+(£),20,(1pp,)]+20E,
This is by far a more reasonable bound for
In the second place, we have the term (recall that this
term involves the photon helicity dependendenposing the
Here, (x), stands for the incident photon helicity. Note that sgme kind of constraint with photons of enerdy,

=4[ AZpS— 2|\ pe+m2]. (24)

we have neglected the terms relatedstpthese terms will 20 Tev, we obtain

become important when we study other reactions. Replacing

the momentum conservation, we obtain |6,]<0.8. (32
PAAZ—AY) +(=),203l 03 This is not a serious bound on the parametgr In any case,

if |6,/=1 then the observed photons from Mrk 501 should
have a preferred helicitgthis particular helicity will depend

. . on the sign off,). Furthermore, sincé,, is assumed to be a
To the order under consideration we can replacepBedy  parameter of order 1, expressié8e) tells us that more en-

+2(wE,+p, kA2 +8|\[pe=4mZ. (25

E's. Additionally, we can use B.=E,, ergetic photons than those we are consideriagergies
o o o 3 ~20 TeV) should appear with this preferred helicity.
ES(A =AY +(£),20,l ES+40E, +4|A[E, Finally, there remains the term involving theparameter
=4m?, 26) for electrons. For this, we obtain
Now, note that in the absence of quantum gravity corrections |k ||_P$2 6x10°2 eV (33)
- 5 2 . ’
we would have the usual threshold condition L
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or, assuming thaks is of order 1,

£=5.7x10"* ev 1. (34

B. Proton decayp+y—A

The main reaction leading to the GZK limit is the reso-

nantA(1232) decayp+ y—A. The threshold condition is
Ept+w=E, (35
with
Pp—k=ps. (36)

HereEZ=A2p?+ np*—2|\|p+m?, that is to say, the mini-
mum possible value for the energy of the emergingwith
some algebraic manipulation we can find

26AES+ 0nEp+2[(£)php+ |Na|1Ep+4wE,
(37)

where SA=A,—A, and én= n,— n, . Additionally, (*),

=Mi-M3,

PHYSICAL REVIEW D 65 103516

In this case the condition is independent/dbénd it depends
strictly on the differenceS#. For this, the reaction is forbid-
den if

270
(M{-Mp)®
=3.2X10 [ w/wy]* eV 2.

(72— 1p)>

(43

Recalling thaty= «3l2, Eq. (43) tells us that it is enough to
have |k3|>5x 10" with k3,> k3, for the reaction to be
precluded. Since we are assuming t6¥ic;) =1, this result
shows us that the presence of a non-rful<<0 ensures the
GZK violation effect.

In view of the possibilitiess7=0 and SA=0, we must
consider the\ dependent terms

2[(£)phpt N4 IEp+4wE,=ME—M]. (44)

This last expression is very interesting faced with the fact
that its terms are helicity dependent. In this case, the reaction
is more sensitive to the energy of the target photon. For
instance, ifw is such that

refers to the incident proton helicity. Note that in the absence

of LQG modifications the threshold condition becomes

2 2
_Mi—Mp

P 4o (38

(F)phpt|N\al+20=0, (45
the reaction will be forbidden. Of course, this situation will
depend on the helicity configuration of the incident proton.
For example, if

Since we do not have a detailed knowledge of the deviation
parameters, we take account of them independently. Natu-
rally, there will always exist the possibility of having an
adequate combination of these parameter values that cou
affect the threshold condition simultaneously. However, as

INp|= [Nl +4.7X10 [ 0/ wo] eV, (46)

Le reaction will also be forbidden at least for one proton
elicity. Indeed, if |ksp|—|ksp|=1 (recall that A

ksl /2L 2) the threshold condition is dominated by thg
rm:

we will soon see, each one of these parameters will be sig[—e
nificant in different energy ranges.

Let us start by considering the terms involving A: INp|=4.7X 1074w/ wg] eV. (47)

26AE;+4wE,=Mi~ M), (39  This imposes a new bound on the parameters of the theory,

For this inequality it is easy to see that, for a given value of L£=3X10"1 ev 1. (48)
w, the reaction is kinematically precluded for &l if

On the other hand, ifxsy|—|«sp|=1, the conservation of

w2 angular momentum always allows the reaction, and no GZK
Ay—Ap>————=1.7x10  w/w,)?, (40)  violation is obtained. Although for this effect to be noticeable
Mi—Mp we must demand universality of bothand » (at least for

these hadronic particlgsinstead of\, sinceA’s and protons

— -4 ; i
where wo=2.35<10"" eV is the kT energy (with T have different spins, we cannot discard this possibility.

=2.73 K) of the CMBR thermal distribution. For all pur-
poses the GZK limit is forbidden for CMBR photons if we
takew=wq. Incidentally, assuming that the adimensional pa-
rameters are of order 1 and that—as previously asserted—the The next relevant reaction leading to the GZK threshold is
nonuniversal deviation oA is at most of second order in the nonresonant photopion productipa- y—p+ 7. Since
|,/L, we obtain the pion is a spin 0 particle, we may assume that, to the order
considered for Eq(4), the relevant dispersion relation is

C. Photo-pion production p+ y—p+

L£=<2x1016 ev 1. (41)

E?=A2p®+ n,p*+m?, (49)

Of more relevance than theterms(as we will verify) are
the 7 related ones. Here we have where A =1+ KW(I,ZJ/LZZ) (recall that we must haveSA
~I§/£2). As in the other cases, the threshold condition will
be given by

SnEp+AwE,=M{—M?. (42
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E +w=E.+E (50) condition can be well read d&5|=1.9x10 °. Hence, ifx,
P P is not strictly zero, this term can cause the GZK limit viola-
with tion, as far as photopion production is concerned. Finally, if
n is null, the next relevant terms will be the helicity de-
pp_kzap+ P, (52) pendent ones. But, by angular momentum conservation,

there will always be an emergent proton helicity that cancels
where E, and p refer to the emerging proton. In analogy them; hence these terms cannot forbid the reaction.
with the A decay, for this threshold condition we must put
F2_ A2A0 7 " V. CONCLUSIONS
Es=ASp?+ np*—2[\p[p+mj.

With a little amount of algebra we are able to find We have seen how the introduction of modifications from
loop quantum gravity can affect and explain the anomalies

2 My(Mp+Mo)) _, observed in highly energetic phenomena such as cosmic
20ABL+| ot 37y 2 Ert+4E0 rays. In particular, the notable appearance of helicity depen-
7 dent decays could be a special footprint of this kind of ef-
M2(2M,+M ) fective theory.
+2E,([\[£N)= MM, (52 Provided that the differencéA betweenA., andA, does

not affect the observations of the arrival of multi-TeV pho-
where SA=A,— A, and §7=7,— 7,.. In the last expres- tons (as the ultimate analysis showsve have the strong
sion, * refers to the helicity of the incoming proton. Since Possibility granted by Eq(8),
there will necessarily be an incident proton helicity that can

minimize this term, we can take for the threshold condition EZ:: pz[Aziz‘%('pp)]’
2E_(|A|=N\)=0. (53) to be on the edge of observing polarized multi-TeV photons.
Briefly, the actual universe could be transparent for one he-
With this consideration in mind, we get licity state (while not for the other nearly over the TeV
range. The specific helicity necessarily depends on the sign
26AE2+ (6n+ 1687]p)EfT+ 4E 0 of #,, and for the moment no related observations can decide
this sign.

MZ(2M,+M ) e
=
Mp+M, (54

Likewise, there also is the possibility that we have been
observing polarized protons in the form of GZK limit violat-
ing events. For these helicity effects to take place, it is nec-

As before, let us consider the modifications separately. Ifssary that botA and » be universal parameters as opposed
SA were the dominant term, we would have to consider to A, which would need to respect E@6). This last as-
sumption appears to be a little forced. Nevertheless, faced

) Mf,(ZM ptM.) with the fact that these terms depend on the parity @frdr
20AE+AE 0= —p (39 violation structure of the theory and hence the helicity de-
P i generacy of states is broken, we must take this possibility
consequently, the violation condition would be seriously. For instance, it is enough to note the great differ-
ence that, in what concerns these helicity terms, must exist
202(Mp+M,) between particles of spin zero and fractional spin.
A= Ap>——————=3.3x10 *{ 0/ wo]*. (56) Summarizing, the GZK limit can be violated By », and
MZ(2Mp+ M) \ in three different ways. First, by having a nonuniveraal

parameter up to second orderlgy L (Y =0 in the case of
photong in such a way tha\,<A, and A,<A_; in this
case, from the bound81) and(57), the favored range fof
is

Using 5A~I,23/£2, this result can be understood as
L£=4.6x1071 eV 1, (57)

_ Let us now consider they terms. For these we have a 4.6x10°Y eV l=,=83x10"18 ey L. (59)
violated threshold if
Note, however, that this possibility necessarily excludes the
existence of a term in the dispersion relations for fermions,
since there would be fermions having velocities in the oppo-
site direction from that of the momenturfup to p=\
=2.2X10 Fw/wy]* eV'2 (58 = keV). This last assumption, at the same time, has the
consequence that no parity violatiand thereforeC P T vio-
SinceO(51)=0(n,) (whensn+0), let us assume that the lation) should be present in the fermionic part of the theory,
7, term dominates. In this case, for the threshold conditiorat the level discussed.
to be violated we just requirey|>1.3x 107 eV~ 2 with 7 Secondly, by havingy,< 7, with » a negative param-
negative. Recalling thapy= K3|'2) with x5 of order 1, this eter; this case is more interesting since it fixes the sigp of

Mo+ M,

- 8n—168yp,>270* ———
g 7 M2(2M,+M )
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and, consequently, its effects could be studied in other higls. Gdvez for his help with the betterment of the text paper.

energy reactions with at least a little more knowledge ofThe work of J.A. was partially supported by Fondecyt

these corrections. 1010967. The work of G.P. was partially supported by
Thirdly, the already mentioned possibility of a helicity CONICYT.

dependent violation of the limit needs, as in the previous

case, a negative and universal The reason for this exotic APPENDIX: TIME DELAY BETWEEN PHOTONS AND

combination of parameters is that for the photopion produc- NEUTRINOS FROM GRB

tion to be forbidden it is only necessary to have a negagive

while for the resonanh decay, thez sign is not sufficient. The prediction of 18*-10" eV neutrino bursts generated
For this last effect to take place, the length scAlaeeds to  in GRB events[29,30, opens the interesting possibility of
satisfy[from the bound$34) and (48)] observing a time delay between the arrival of photons and

neutrinos. For instance, taking into account the range pre-
dicted in Eqg. (59—which gives anA difference of sA
~10 %—the time delay from a typical source at 40 Mpc in
It is worth noting that the helicity dependent effects tend to@ flat Frletjlgnann—Robertson-WaMﬁRW) universe, should
favor a length scale around2x 1022 eV-! or, if we pre-  Pe 6t~10"" s. This result may be compared with the cor-
fer, a mass scale in the TeV range. This is the same tentatiy&SPonding one frori3], where, for the same distance, it is
range found in other work related to graviig3]. For ex- found thatst~0.4x10? s. The great discrepancy can be
ample, recent work on compactification of extra dimensiond!nderstood not only on the ground of having different mag-
[24,25 shows the possibility of defining a mass scale in theNitude and expressions fd@iA in terms of theL parameter,
TeV range and, as commonly emphasized, it is on the edge &ut also by the fact that i8] the length scale€ was taken to

actual empirical observatiori@6]. A length scale range like b€ @ mobile scale which sets a cutoff value for the momenta
Eq. (60) gives a\ value of involved (£=1/p) given the specific physical situation. In

this paper we have considered thatis a universal length
scale. From this point of view, since the length scale is not
mobile, we have included the possibilipz>1/L (in which
the LQG structure of the regidn<d= L is present through
its effects, and therefore the actual results are different.

For completeness, let us show the time delay contribu-
tions(in a flat FRW universgfrom the most significant terms
of the dispersion relation for neutrinos. These delays are con-
idered with respect to the arrival of photons with a conven-
ionally rescaledA,=1.

3x10° 18 eV l=£=57x10"1* ev L (60)

A~2.5x10° eV. (61)

As was noted if27], a dispersion relation of the type

E2=p%+Ap+m?, (62)

with a value of\=10"" eV, should be discarded because of
the extremely sensitive measurements made of the Lam
shift. However, in the present framework, since the Lamb

shift depends primarily on details of the interaction between A term:

electrons and photons, we are compelled to wait for a com-

plete interaction picture of the effective LQG theories to say 2| 5A| Y

something about the symmetries involved in a low energy Otp= Ho [1-(1+2) 2. (A1)

effect like that. In this sense, our development is strictly
valid for analyses made on asymptotically free particle states n, term:
(as in the present woykwhere the effects of interactions are
taken to be negligible, and kinematical considerations are | |p2
valid. _1Mv[Po 32

Future experimental developments like the Auger array, oty = Ho [(1+2) 11 (A2)
the Extreme Universe Space Observat@ySO), and orbit-
ing wide-angle light(OWL) collectors satellite detectors, Additionally, there will be a time delay between photons
will increase the precision and phenomenological descriptiomf different helicities[4] [to follow the later convention, we
(such as a favored proton helicitgf these UHECR's. take @, +v_)/2=A,=1, wherev.=A,+26,l,p]

Other related bounds for these parameters can also be 6, term:
established. Such is the case of gamma ray burst observa-
tions which could give sensitive results for thA difference

betwgen phqtor!s anq neu_trinﬁ%] (seg the Append)x or &i:w[(l+z)1/2_ 1]. (A3)
neutrino oscillations, in which the universality between the Ho

different neutrino flavor LID parameters can be measured )

[28]. In Egs. (Al), (A2), and (A3), py is the momentunior en-

ergy) of the arriving particlesH is the Hubble constant, and

z is the source redshift. The above results can be used to

analyze the GRB spectral structure in more detail and give
The authors are grateful to S. Liberati and A. Ringwaldadditional bounds to the current parameters. Present observa-

for calling to our attention Ref$20] and[12,14], and also to  tions cannot give such bounds.
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