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Cosmic rays as probes of large extra dimensions and TeV gravity
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If there are large extra dimensions and the fundamental Planck scale is at the TeV scale, then the question
arises of whether ultrahigh energy cosmic rays might probe them. We study the neutrino-nucleon cross section
in these models. The elastic forward scattering is analyzed in some detail, hoping to clarify earlier discussions.
We also estimate the black hole production rate. We study energy loss from graviton mediated interactions and
conclude that they camot explain the cosmic ray events above the GZK energy limit. However, these inter-
actions could start horizontal air showers with characteristic profile and at a rate higher than in the standard
model.
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[. INTRODUCTION whether the first signatures from low-scale unification and
large extra dimensions might come from the study of
In this paper we explore the possibility that the primary ultrahigh-energy cosmic ray&JHECR).
particles for ultrahigh-energy cosmic rays are neutrini inter- While this work was in progress, detailed analyses of the
acting gravitationally with atmospheric nucleons. An obviousPossibility of black holes forming at the CERN Large Had-
objection to this idea is that the gravitational interaction isfon Collider (LHC) have appeare{i7—9)]. During the final
too weak to produce any sizable cross section for this prostage of this work, a pap¢i0] has appeared which studies
cess. However, this point needs to be fully reconsidered ifth€ production of black holes in cosmic rays, and also inves-
theories where the fundamental scale is around the TeV, diates their detection in horizontal air showers. Our work
postulated in models involving large extra dimensions and &0mplements that of Ref10]: the latter focuses on the phe-
four-dimensional brane-worl@iL,2]. In these scenarios not Nomenology of the detection of black holes, whereas we ad-
only does the cross section for elastic gravitational scatterin§"®Ss in more detail the theoretical aspects of neutrino-
increase at cosmic ray energies, but there is also the posdlicleon scattering in TeV-gravity theories. A paper
bility that the collision results into the formation of micro- discussing further aspects of the detection of these showers
scopic black holes. Both effects can dramatically increase thBas appeared when this work was ready for submigibh
cross section for scattering between neutrini and atmospheric
nucleons, anc_JI hence_ they may play a role in explaining they, UL TRAHIGH ENERGY SCATTERING ON THE BRANE
most energetic cosmic ray events.
In the recent past, this possibility has been entertained in An essential feature of the gravitational interaction is that
a number of papers, with differing conclusidrg-5]. There  at center-of-masg.o0.m) energiesys well above the funda-
has been a controversy as to the right way to perform thenental scale, the coupling to gravitational coupling grows so
calculations, and how to implement unitarity at high ener-large that graviton exchange dominates over all other inter-
gies. We hope to shed some light on these issues, and shagtions. This is actually the case for atmospheric nucleons
that, actually, the situation is quite simple once the appropribeing hit by neutrini of energyE,~10'* GeV (y/s
ate point of view is takefi6]. In addition, the possibility of ~10° GeV) if the fundamental scale is around 1 TeV. In
producing black holes in cosmic ray collisions needs to beparticular, if the impact parametéris sufficiently smaller
addressed in detail. Once we have, hopefully, settled théhan the radius of compactification, the extra dimensions can
terms for the analysis, we will turn to the actual discussion ofbe treated as non-compact. In this regime one would be prob-
ing the extra dimensions purely by means of the gravitational

interactions.

*Also at Departamento de’sica Teoica, Universidad del Pa Another consequence of ultra high energies in gravita-
Vasco,  E-48080, Bilbao,  Spain. Email  address:tional scattering is that, to leading order, its description in-
roberto.emparan@cern.ch volves only classical gravitational dynamics. In particular,
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*on leave from INFN, Pisa, Italy. Email address: quantum gravity to perform the calculations: any theory that
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same results.One can distinguish different regimes in the Fourier-transform to impact parameter space of the Born am-
scattering(and we will do so beloy but perhaps the most plitude. Alternatively, it can be obtained from the deflection
spectacular effect at such energies is the expected formati@mf a particle at rest when crossing the gravitational shock-
of black holes, via classical collapse, when the impact pawave created by a second parti€le?].

rameter is of the order of the horizon radius of {lmégher Note that the transforms in impact parameter space are
dimensional black hole[15],2 two-dimensional, since the particles scatter in three spatial
Yt 1) dimensions. Neverth'eless,. the exchanged gravitons propa-

on - (n-3)/2p E gate in the (4-n)-dimensional space. Moreover, we are

2 working at a scale where the spectrum of Kaluza-Klein

RS:

n+ 2 modes is essentially continuous. In this case the Born ampli-
tude comes out easily 446]

1/2(n+1)
o 1) | | n| s -
M2n+4 i Mgon=1m"T 1-5 M2+n(—t—|e)“’2 L®
D
This implies that any dynamics a&<Rg is completely i
shrouded by the appearance of trapped surfaces: Ultrashd#€nce the eikonal phase,
distances are directly probed only for energies around the 1 42
fundamental energy scale. o x(s,b)= _f qzeiq'biMBom, ()
In the following we will assume for simplicity that no 2is) (2m)

scale for new physics arises before reaching the scale for the

o . . n

fundamental energW . In particular, we assume that scales Wh'.Ch is finite forb#0, is x(s,b) = (b;/b)", where we have
. . . . defined

such as the string tension, or the tension and thickness of the

brane, do not appear before that scale. This prevents the pos- (4m"21 s
sibility of additional effects arising at impact parameters bl = (_) . (5)
larger than the ones that give rise to black hole formation. If 2 2 M%*”

this is the case, then the picture for ultrahigh-energy scatter-

ing that we describe here should be largely universal. Nev- Having the phasg(s,b) is sufficient for numerical evalu-

ertheless, stringy effects below the regime where generation of the eikonalized amplitud@). The result in Eq(2)

relativity can be trusted may be readily accommodd@d can be written in terms of Meijer functions. However, it is

and should not introduce large changes in our results. easy to get simple analytical expressions for the amplitude in
Ultrahigh energy scattering in the Randall-Sundrumboth regimes ofgb.>1 and gb,<1. Wheng>b,* the

model has been addressed[8], and the different regimes phasex(s,b) yields a sharp peak for the eikonal amplitude

for the scattering in the present case are qualitatively thé EQ. (2), which allows for an evaluation near the saddle

same as described there. At large impact parameters one dagegint bs=Db(qb./n) "V Y<p,

not expect formation of black holes, but in this case, the

leading contribution to the scattering amplitude is exactly _47-rie"/’ - s \nt+2)U(n+1)
(non-perturbatively calculable within an eikonal approach Sadd'e_ﬁ (4m) r PR aMp

[12,13,17. This is known to work particularly well for high

energy gravitational scattering at large impact parameter s | (nF2)/(n+1)

[13,18° EZn(M) (6)

The eikonal resummation of ladder and crossed-ladder
diagrams is achieved by computing the scattering amplitud&he phasep=(n+1)(b./by)" is real fort<0. Observe that
as the amplitude is non-perturbative in the gravitational cou-
pling 1M %*“. In the limit g— 0 one gets instead

2s . _
M(s,t)=i—f d?bedP(ex(sb) 1) ,
M(q=0)=27TiSb§F(1— H) e imn )
:@f db bJ(bg)(e'X=P—1). 2)
I which is finite forn>2. Forn=2 the real part ofM has a

. . . i logarithmic singularity
This amplitude is well defined for any values of the ex-

changed momentum= /-t (t<0 since the scattering is 40
elastig. The eikonal phasey(s,b) is obtained from the M = —4wsb§|n(qbc). (8

Notice that also at smalf the amplitude is non-analytic in
This has been noted often earlier, e.g.[18—14,6—§ the gravitational coupling. Indeed the amplitudegat0 is
2We defineMp as in[16].
3Loops involving only momenta of internal gravitons are sup-
pressed by factors of (pb)?. “This corresponds to the linearized approximation to 4.

064023-2



COSMIC RAYS AS PROBES OF LARGE EXTRA . .. PHYSICAL REVIEW B5 064023

effectively described by thé@Born) operatorZ defined in Ref. At present, the cross section for black hole production can
[16] but with an effective UV cutoff~b, * on the mass of ©0nly be estimated as the geometric cross section,
the exchanged Kaluza-KleitiKK) modes. This cut-off origi-
nates from the interference with the multigraviton exchange
diagrams in the eikonal series.

The eikonal amplitude will be used in the next section to
compute the differential cross section for neutrino-nucleorf
scattering. At the partonic level we have

oo~ TRE, (12

with Rg as in Eq.(1). In this caser,,~s""*1), again slower
han linear.

Clearly this result cannot be very accurate. Radiation is
expected to be emitted during the collapse, and the amount

do 1 of energy that is expected to be radiated in the process can be
ﬁz: WM/”Z- 9 a sizable fraction of the total enerdperhaps around 15—

30%, from four-dimensional estimat¢21]), but at large
nough energies it will not be able to prevent the collapse.
his effect will tend to reduce the above value for the cross

section. However, there are also factors which increase it,

2 - such as the fact that a black hole acts as a somewhat larger
= Zwbﬁl“( 1- —) cos—, (10 scatteref40—75 % larger radiug22]). It seems reasonable to

n n expect that the above expression is not off by any large fac-
tors. Finally, note that these black holes form through classi-
cal collapse. 23] the semiclassical instanton contribution

to the nucleation of black holes was considered. Being a

tunneling process, it is exponentially suppressed. Hence, it

2 (11) can be negle_ctepl relative to tkeal time classical collapse

' we are considering.

We can also derive the total elastic cross section from th
optical theorem:

Im M(g=0)
Tel=— o
i.e., it is essentially given by the area of a disk of radius
~Dbe.

Observe that

g™~ S

This growth of the cross section at high energy is slower than

the perturbative resulr~s?, and also sloweffor n>2) 1. NEUTRINO-NUCLEON SCATTERING AND
than the linear dependenee~s postulated(apparently for BLACK HOLE PRODUCTION

all n) in [4]. Unitarity in impact parameter space is manifest
in the eikonal amplitudé2).® For large impact parameter this
implies as well unitarity for high partial waves. Partial wave
unitarity at shorter impact parameter is a harder problem, an
indeed, corrections to the eikonal amplitude are expected t ood description of the scattering. At smaller distances,

become crucial. A grows, graviton self_- Interactions, which trapped surfaces are expected to form and the neutrino and
carry factors oft associated to the vertices, increase the at;

4 ) . the parton will collapse to form a black hole.

traction among t_he ;scattered particles, and it is exper;ted that, In order to numerically evaluate the amplitud®, we
eventually, graV|tatl|o_r?aI colIap;e to a black hole will take proceed as follows. First, we write it as

place. Hence the initial state is expected to be completely
absorbed, but in such a way that any short distance effects

will be screened by the appearance of a horizon. Indeed asi M=4msh? xde(xqbc)(e”Xn—1)=4wsb§M(qu).
shown in Ref[13] the effects of the non-linearity of gravity (13)

are suppressed by a powerR§/b, so our eikonal approxi-

mation should be valid fob>Rs and its breakdown be as-  at |arge values ofjb, we know this is well described by the

sociated to the formation of black holes. This relation be-simple resuli6). It is convenient to extract this behavior, and
tween eikonal breakdown and black-hole formation can also

. . > 2
be established as follows. In the regibrb,, there is a one write the squared amplitude\]® as
to one correspondence between the transferred momemtum n2/(n+1)
and the saddle point impact parameter The casej~ s, |M[?=@1+(q bc)z)*(””)’(“*l)mF(qbc). (14
where the(small anglg eikonal approximation breaks down,
corresponds precisely to,~Rg. Notice in passing that we
can also write Eq(9) asdo=2wbdbg, as expected for a
classical trajectory with impact parametey.

These results can now be readily applied to neutrino-
nucleon scattering at ultrahigh energies. At impact param-
tersb<1 GeV ! the neutrino interacts essentially with the

gartons, and ifb>Rg the eikonal approximation gives a

The prefactors have been chosen in such a way that for
gb,— the functionF goes to 1. Apart for the case=2
where it has a mild logarithmic singularity at,—0 [see
Eqg. (8)], F is O(1) over the full range ofjb..
SNotice that in order to achieve unitarity we have needed to per- For our applications it IS useful to study the cross section
. S as a funtion of the fractiory of energy transferred to the
form an all-order loop resummation. As argued 18], this is es-

sential when considering energies abd¥g . This point is missed nucleon:
in some of the earlier work, such as the last referen¢6JifNote as , 2
well that the Froissart bour{d 9], generalized to higher dimensions y= E,~E, _a (15)
in [20], does not apply since the exchanged particle is massless. E, xs’

064023-3



ROBERTO EMPARAN, MANUEL MASIP, AND RICCARDO RATTAZZI PHYSICAL REVIEW D65 064023

0.01
0.005

0.001
0.0005

mb)

(

0.0001
0.00005

1. x10°6 0.0001 0.01 1

FIG. 2. As in Fig. 1 but foM=5 TeV.

FIG. 1. Elastic cross section vs minimum fraction of energy lost
by the neutrino foMp=1 TeV andn=2,3,6 large extra dimen-
sions. Solid, long-dashed and short-dashed lines correspond resp%(i
tively to E,=10" GeV, E,=10'? GeV, andE,=10" GeV.

_Finally, to estimate the total cross section to produce a
ack hole in a neutrino-nucleon scattering we compute

2
o/s

dx(Z fi<x,m)wR§, (17)

1
wherex is the fraction of proton momentum carried by the O'ZJ
parton. Summing over partons we have M

g ) . where Rg is given in Eq.(1) and u=Rg'. Again for the

g _ 2 choice of scale in the PDF’s the previous discussion applies:

d_y_ fo dxlexs( 2. f‘(x"u)) |M(x,y,\/§/MD)| ’ the Schwarzschild radius rather than the black-hole mass sets
(16) the time scale of gravitational collapse. Notice that in a more

standard case of, say, neutrino-quark fusion into an elemen-

tary leptoquark the right choice would he of the order of

the lepto-quark mass. The crucial difference is that the black-

hole is not an elementary object: its physical size is much

bigger than its Compton wavelength.

We plot in Fig. 3 this cross section versus the energy of

Here f;(x,u) are the parton distribution function®DF9
(we use the CTEQ5 set extendedxta 10~ ° with the meth-
ods in[24]). Notice that quarks and gluons interact in the
same way. The scalg should be chosen in order to mini-

mize the higher order QCD corrections to our process. ,% . : !
. : : he incoming neutrino fon=(2,3,6) andM=(1,5) TeV.
simple, but naive, choice would he=q. However 1¢] does We include gplots withxs>MgD (soli)d) and xs(>(1)OM )2

not really represent the typical time or length scale of thed Th q h ; ¢ duci
interaction. As we have seen, in the stationary phase regim ots. These correspon to the cross sections for producing
lack holes with a mass larger tham, or 10Mp, respec-

the neutrino is truly probing a distande>1/q from the : : . .
parton. Heuristically: the total exchanged momentum can bgviili?’/ﬁJr?]exSIiZnedai‘cL‘:);e'redslﬁti;etnfﬁebs:\(l)vdejcr:litt)r;e (';\fN(I)igCNhBOr:”ICaeli of a
large, but through the exchange of many soft gravitons. S ' X X

g g g y g lack holes dominates: the fast decrease witf the PDFs

. . . . _1
we believe that a better normalization is to take=bg wins over the growthex¥*1) of the partonic BH cross

_1 _ . _1 . . _
wheng>b, " andu=q if g<b,~. The latter choice is ef section. Notice, on the other hand, that the total elastic cross

. . . _ _1
fe,l((:t'velly equwaler:jt to choo.smllgl;(—'bc as at smallqhth'e section is less dependent on the smatégion and is domi-
eikonal correspon ;, tﬁ afpomthl e |nter_act|0n.|0ur (I: 0'?(? Ohated byx~1 for the casen<3. This is because of the faster
w is consistent with the fact that gravity at ultra-Planckian ;. v o w2 of the partonic elastic cross section.

energies is dominated by long distance classical physics.
Choosingu =g would also make little sensg.can be as big
as ~/s>Mp,, but the evolution of the PDF’s d?>M3
cannot be simply performed withing QCD, as truly quantum We are now ready to discuss the implications of our re-
gravitational effects(string theory would come into play. sults on the phenomenology of ultra-high energy cosmic
Instead asy's grows aboveMp, andt/s is kept fixed but rays. The first question is whether neutrino nucleon scatter-
small, the impact parametér grows and we are less sensi- ing at super-Planckian energies can explain the observed cos-
tive to short distance physics. As a matter of fact, for largemic ray events with energ>Eg,c=5x10 GeV. It is
enoughs the total o, will be bigger than the proton area known since long ago that cosmic protons with energy above
~(GeV)?: at higher energies the parton picture breaks downEg, are damped by inelastic scattering with the microwave
the proton interacts gravitationally as a pointlike particle, andbackground photons. The relevant reactiomp is y— p+ ,
the neutrino scatters elastically on it. and Egzk is the threshold proton energy given the photon
A useful quantity to study is the cross section integratedemperature. Because of this reaction, ultraenergetic cosmic
for y>vyo. In Fig. 1 and Fig. 2 we plot this quantity for protons are brought down tB=Egzx within a few Mpc.
Mp=1 TeV andMp=5 TeV, respectively. We include the Since there are good reasons to believe that the cosmic pro-
cases witm=(2,3,6) andE,=(10'°10%,10") GeV. tons have extra-galactic origin, we should observe a sharp

IV. DISCUSSION
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0.01
g 0.001 FIG. 3. Cross section for black hole produc-
= tion as a function oE,, for Mp=1,5 TeV and
o n=2,3,6. Solid and dotted lines correspond to
0.0001 xs>M3 andxs>(10Mp)?, respectively.
0.00001
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drop in the observed event rateE&tEgzx. However, vari-  energy loss is thus dominated by parton scatterings with
ous experiments do not observe this drop at all. There havgxs~M,, i.e., in the Planckian regime.

been several suggestions to explain that. One idea is that the The observed showers above the GZK cutoff are all con-
primary particles for the UHECR are neutr{i#5,26,4,9, as  sjstent with an incoming particle that loses all its energy to
these particles interact negligibly with the microwave back-the shower already in the high atmosphere. From the above
ground and are essentially undamped. However, any of thesiscussion, low scale gravity could explain these events if
Suggestions has to face the fact that, within the Standard']e mean free pathbh for black hole production were some-
model (SM), the neutrini interact too weakly also with the \what smaller than the vertical depth of the atmosphere. In
nucleons in the atmosphere. In order to explain the ultrastandard units, the vertical depth is measured as the num-
GZK events by cosmic neutrini one needs new physics eMher of nucleons per unit areg, = 1033<N,/cm™2=mb !
hancing their cross section with nucleons at high energy. IfwhereN, is the Avogadro numbgrso the requirement is
Ref. [4] it was suggested that, in models with TeV scale >x; '=mb. From Fig. 3 one can see that, at the relevant

. . : . . bh
gravity, the eikonalized cross section could be of the righynergies, the black hole cross section, however large, falls
order of magnitude. However R¢#] did not investigate the  ghqrt of this requirement. In order to satisfy,>mb the

rate of energy loss in the eikonalized process, and, in pa ayity scaleM should be well below a TeV, which would
ticular, did not pay attention to its “softness.” The produc- .ontradict collider limits.

tion of black holes was also neglected in Ref]. . Hence, we conclude that neutrino-nucleon interactions in
_As a matter of fact, in order to determine the signal it iS e\ gravity models areot sufficient to explain the showers
important to establish quantitatively which is the process that ;e the GZK limit. Also. at present, cosmic rays do not
dominates energy loss—whether elastic gravitational Scatteﬁppear to place any significant bounds on such scenarios.

ing or black hole production. It turns out that energy loss is Nevertheless, neutrino-nucleon cross sectiopg in the

mostly determined by black hole production and by scatter-r(,im‘:]e 105 mb to 1 mb, like in our scenario, can still lead to

ing aty~1. (AS we already poin'ged out, and as can be Seeri‘nteresting new phenomena in cosmic ray physics, which
from comparing Figs. 1, 2 with Fig. 3, the gravitational crossmay be observed in upcoming experiments. Cosmic prima-

section ay~1 becomes comparable ig,,, though its pre- jeq \ith cross section below 1 mb can travel deep into the

cise value is not calculable within our linearized gravity ap-aimasphere before starting a shower. In particular they can
proximation) To see this, consider a neutrino travelling

through a medium of densify. The mean free path for black .

hole production, at which all energy is lost to the shower, is
Lyn=(0pnp) . While travelling through the medium the 01
neutrino also loses energy through the softer, but more fre-
guent, eikonalized scattering. After travelling a distahgg, 0.01
the energy fraction lost to soft scatterings witkry, is con-
trolled by the quantity = 0001
0.0001
Vo) J’yo do Lo 1Jyo dO’d 19
= - =— —dy. 0.00001
(Yo Oydyp bhdY O-bhOydy y
1. x10°¢
When 7 is less than 1 the soft scatterings play a negligible L x10°¢ 0.0001 0.01 1

role in the transfer of energy to the atmosphere. In Fig. 4 we
plot » for several cases: they all show that black hole for- FIG. 4. Fractions, defined in Eq(18), of neutrino energy lost
mation and scattering at largelominate energy loss. Notice to soft scatterings. Solid, long-dashed, and short-dashed lines cor-
that, by the discussion at the end of the previous sectionespond toE, =10 10'% and 18° GeV, respectively.
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cross the atmosphere at a large zenith angle and start chanformation will be crucial to secure that the excess is not
acteristic horizontal air showe?sThe horizontal depth of the due to an underestimate of tenknown neutrino flux.
atmosphere i, is about 36 times the vertical one, so that  Finally, in order to establish which proceggavitational

for o,y=.1 mb a neutrino can travel horizontally down to €lastic scattering, or black hole productiocsominates the

the interaction point. In the standard model the chargedsignal, one needs some knowledge about the energy depen-
current cross section is,y~10 5(E/101° GeV)%363 mp.  dence of the incoming neutrino flux. We have already estab-
No horizontal air shower has been detected so far. HoweveliShed that BH production dominates energy loss. However,
conservative estimates of the flux of ultraenergetic cosmi@S the eikonalized cross section grows véthif the neutrino

neutrini[26] suggest that the next generation of experimentgllf'( J(E) decreases witle sblowly enr?ugh, tf:jebnuml?ter of
should be barely sensitive to neutrino cross sections of th events at energf may be overshadowed by soft scat-

order of the SM one. In our scenaris,y can be consider- tering events due to neutrini with energyE. The signal is

) . . . I . the numberdN(E) of showers with energy betwedh and
ably bigger, so there is the interesting possibility that gravi E+ dE. In terms of the neutrino flud(E) and the differen-

tational scattering and black hole production will lead to a,; . .
sizeable event rate, higher than in the SM. tial cross section we can write

The shape of the shower is probably one of the better dN(E) Emax AE’ do E
ways to characterize these processes. In the SM charged- dE ocf — (E’)—( E’, E—/). (19
current process, a significant fraction of the neutrino energy E

'Sf rtileatsed tto Jus: oneT(?]r a fﬁw hadtrhons I)ro'rlz the b;eakd;)r:/vgmax represents the energy at whiefy,, becomes larger than
of tne 1arget proton. The shower then bullds up 1rom &, q iy erse horizontal depbtﬂl. Neutrini with E>E 4, in-

cascadmg hadronic Interactions of these f?W hadrons. In thf%ract right away and cannot generate horizontal showers. We
scenarios we are considering, the production of a black ho'ﬁave studied the above integrand by assuril(g)~E®

of massMpp~ Vs= V2M,m, is followed by its very quick e found that, in the cases of interest, already det — 2
evaporation by emission on the braf2?] 0:3 Prlljmber of  the signal is dominated by events with largeand then by
particles of the order o,/ Tpp~(+/s/Mp) "2/ For  plack holes(More precisely we find that the criticals for

the energies we are considering this number can be biggef=2, 3 and 6 are respectively equal al.76, —1.65, and
than 100. Then the shower builds more quickly than for SM— 1 48) This condition is satisfied for the cosmogenic neu-
processes. It is reasonable to expect that the shapes will difrino flux in Fig. 1 of Ref.[26] for which a=—3. If the

fer, very much in the way that a shower formed by a primarycosmogenic neutrini dominate the flux, then black hole pro-
iron nucleus differs from the shower formed by a primary duction and gravitational scattering g1, and not the
proton. To investigate the difference in the case at hand resofter processes, will dominate the signal in horizontal air
quires a more detailed studote that the BH cross section showers.

plotted in Fig. Fig. 3 is inclusive over the mass of the BH. A To conclude, we hope to have convincingly established
significant portion of that cross section is due to the producthat neither higher-dimensional graviton-mediated neutrino-
tion of not so heavy BH's, through scattering with partonsnycleon scattering nor black hole production in TeV-gravity
with smallx. Moreover, as discussed above, the cross sectiomodels can explain the observed cosmic ray showers above
opn is of the same order as the elastic gravitational scatteringhe GzK limit. Nevertheless, horizontal air showers may
aty~1. In the latter processes a significant fraction of theprobe these scenarios. In this case, black hole production and

neutrino energy is transferred to a few proton fragments. Weyravitational deflection by a large angle will be the processes
then expect the resulting shower to resemble those induceflat dominate the signal.

by SM physics. In order to assess how well can one distin-
guish gravity induced showers from SM showers requires to ACKNOWLEDGMENTS
take into account all these facts. This is an important point: if
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