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Extensive air showers with TeV-scale quantum gravity
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One of the possible consequences of the existence of extra degrees of freedom beyond the electroweak scale
is the increase of neutrino-nucleon cross sections (snN) beyond standard model predictions. At ultrahigh
energies this may allow the existence of neutrino-initiated extensive air showers. In this paper, we examine the
most relevant observables of such showers. Our analysis indicates that the future Pierre Auger Observatory
could be potentially powerful in probing models with large compact dimensions.
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Recently, it has become evident that a promising route
reconcile high energy particle physics and gravity is
modify the nature of gravitational interactions at distanc
shorter than a millimeter. Such a modification can be m
simply achieved by introducing extra dimensions in the s
millimeter range@1#. In this approach the fundamental sca
of gravity M* can be lowered all the way toO ~TeV!, and
the observed Planck scale turns out to be just an effec
scale valid for energies below the mass of Kaluza-Kl
~KK ! excitations. Clearly, while the gravitational force h
not been directly measured below the millimeter range, s
dard model~SM! interactions have been fairly well invest
gated at this scale; so if large extra dimensions really ex
one needs some mechanism to prevent SM particles f
feeling those extra dimensions. Remarkably, there are
eral possibilities to confine SM fields~and even gravity! to a
4 dimensional subspace~referred to as a 3-brane! within the
(41n)-dimensional spacetime@2#. The provocative new fea
tures of this scenario have sparked a flurry of activity
assess its experimental validity. A brief resume´ of current
theoretical work devoted to higher dimensional models
cludes topics addressing fundamental issues of phenome
ogy @3#, cosmology@4#, astrophysics@5#, and gravity @6#.
Moreover, an intense effort to find signatures of ext
dimensions in collider data is currently underway@7#.

Since 1966, a handful of extensive air showers have b
observed corresponding to what seem to be single part
carrying over 1020 eV @8#. This, in itself, is remarkable, as
is difficult or even impossible to explain how such energ
can be attained by conventional acceleration mechani
@9#. Deepening the mystery, it was pointed out by Greis
Zatsepin and Kuz’min@10# ~GZK! that extremely high en-
ergy (*1020 eV! cosmic rays, if nucleons and/or nucle
would lose energy rapidly through interactions with the c
mic microwave background~CMB!. This leads to the so
called GZK cutoff, which limits the propagation distance
these particles to roughly 50 Mpc. The difficulty in co
structing nearby astrophysical sources that could accele
particles to such high energies led to the belief that bey
roughly 1020 eV, no cosmic rays would be detected. Addi
to the puzzle, the arrival directions of these events are
tributed widely over the sky, with no plausible optical cou
terparts~such as sources in the galactic plane or in the lo
supercluster!. Furthermore, the ‘‘super-GZK’’ data are con
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sistent with an isotropic distribution of sources in sharp co
trast to the anisotropic distribution of light within 50 Mp
from Earth @11#. In conclusion, the current picture is ver
unclear. Thus, it is reasonable to consider whether new p
ics could be at play.

Of particular interest here, the extraordinarily high cent
of-mass~c.m.! energies achieved at the top of the atmosph
are well above those necessary to excite the hypothetical
modes which would reflect a change in spacetime dim
sionality @12#. Hence, a detailed analysis of extensive cosm
ray showers, taking into account this departure from previ
fundamental particle theory, is worthwhile@13#.

Interestingly enough, if gravity becomes strong at en
gies of a few TeV, virtual graviton exchange can produ
relatively large effects on the high energy scattering cr
section, drastically changing the neutrino-nucleon interact
@14#. Neutrinos can propagate through the CMB essentia
uninhibited, breaking the GZK barrier@15#. Unfortunately,
within the SM scenario a neutrino incident vertically on t
atmosphere would pass through it uninhibited as well, ne
initiating an extensive air shower. It was already noted t
within the extra dimensional framework, the neutrin
nucleon cross section can approach typical hadronic va
at c.m. energiess*400 TeV, allowing earlier developmen
of a vertical neutrino induced shower@16–18#. One may
wonder whether the growth of the cross section carries w
it observable deviations from SM predictions. Consisten
with current experimental data requires@19#

s~E!&3310224
E

1019 eV
cm2, ~1!

and this bound certainly does not challenge the neutri
acquiring a hadronic-scale cross section.

A complete theory of massive KK graviton modes is n
yet available, making it impossible to know the exact cro
section at asymptotic energies. Any air shower analy
would thus depend on reliable guesswork, supplemen
with generally acceptable theoretical principles such
duality, unitarity, Regge behavior and parton structure.
simple Born approximation to the elasticn-parton cross sec
tion @17# ~which underlies the totaln-proton cross section!
leads, with out modification, tosnp

tot;s2. Unmodified, this
behavior by itself eventually violates unitarity. This may b
©2001 The American Physical Society09-1
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TABLE I. Coefficients for mean free path parametrization.

M* @TeV# P1 P2 P3 P4 P5 P6 P7 P8

1 214657 22254.4 213.931 3.3530 21236.7 2814.89 24.6945 1.7814
1.2 5654.4 1130000 1393 21417.3 21724000 2124980 100.44 316.09
1.3 6638.5 307640 355.94 2366.14 21499700 219822 845.46 91.015
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seen either by examining the partial waves of this amplitu
or by noting the high energy Regge behavior of an amplitu
with exchange of the graviton spin-2 Regge pole: with int
cepta(0)52, the elastic cross section

dsel

dt
;

uAR~s,t !u2

s2
;s2a(0)22;s2, ~2!

whereas

s tot;
Im@AR~0!#

s
;sa(0)21;s, ~3!

so that eventuallysel.s tot . Eikonal unitarization scheme
modify these behaviors: in the case of the tree amplitu
@14# the resulting~unitarized! cross sectionsnp

tot;s, whereas
for the single Regge pole exchange amplitude,snp

tot

; ln2(s/s0) @20#. However, the Regge picture of graviton e
change is not yet entirely established: both the~apparently!
increasing dominance assumed by successive Regge cut
to multiple Regge pole exchange@14,21#, as well as the pres
ence of the zero mass graviton can introduce consider
uncertainty in the eventual energy behavior of the cross
tion. Hereafter, we work within the unitarization framewo
of Ref. @14# and adopt as our cross section@22#

snN'
4ps

M
*
4

'10228S M*
TeVD 24S E

1019eV
D cm2. ~4!

To simulate the consequences of this forn-induced air
showers, we assume that the increase in the cross secti
driven by the production of minijets@23#, and we adopt the
SIBYLL package to model the fragmentation region at u
high energies@24#. In other words, the probability distribu
tion for obtainingN jet pairs~with PT

jet.PT
min , wherePT

min is
a sharp threshold on the transverse momentum above w
soft interactions are neglected! in a collision at energyAs is
computed regardingn-nucleon scattering as a diffractiv
shadow scattering associated with inelastic processes@25#.
Particle production comes after the fragmentation of hy
thetical colorless parton-parton chains mimicking that
SIBYLL hadron-hadron scattering. The reader should kee
mind the crudeness of this approximation. However, the
posed cutoff on the soft processes ensures that the inela
ity in any neutrino-nucleon collision is not much larger th
y;0.15 @20#, justifying the use of theSIBYLL package. As
we discuss below, most of the expected qualitative featu
in the shower can be quite well reproduced. The algorith
of AIRES ~version 2.1.1! @26# are slightly modified so as to
track the particles in the atmosphere. In particular, Eq.~4! is
translated into the neutrino mean free path
12400
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snair
, ~5!

via the standard 8 parameter function used inAIRES,

ln5P1

11P2u1P3u21P4u3

11P5u1P6u21P7u31P8u4
g cm22. ~6!

Here mair @g# is the mass of an average atom of air, andu
5 ln E @GeV#. The coefficientsPi are listed in Table I for
different valuesM* .

Several sets of neutrinos were injected at 100 km ab
sea level. The sample was distributed in the energy rang
1020 eV up to 1021 eV, and was uniformly spread in th
interval of 0° to 60° zenith angle at the top of the atm
sphere. All shower particles with energies above the follo
ing thresholds were tracked: 750 keV for gammas, 900 k
for electrons and positrons, 10 MeV for muons, 60 MeV f
mesons and 120 MeV for nucleons. The results of th
simulations were processed with the help of theAIRES analy-
sis package.

Figure 1 shows the total number of charged partic
versus atmospheric depth averaged over 25 showers fo
case of a 300 EeV neutrino atM* 51 TeV. For comparison,
proton-induced showers at 60 and 90 EeV are shown on
same figure. As showers initiated by neutrinos typically st

FIG. 1. Longitudinal development of neutrino and proton sho
ers for different primary energies and primary zenith angle 43.
The error bars indicate the standard fluctuations of the means.
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EXTENSIVE AIR SHOWERS WITH TeV-SCALE . . . PHYSICAL REVIEW D 63 124009
later than proton-induced showers, the longitudinal devel
ment tends to level off after reaching a maximum, in contr
to a standard air shower which decreases more rapidly a
reaching a maximum. The number of charged particles p
duced in the cascade depends on the amount of energy
posited in the atmosphere by the primary. Neutrinos at
energy and mass scale shown in the figure typically suffe
interactions in the atmosphere; any energy remaining a
this is undetected. By comparing the neutrino-induced sh
ers to the proton-induced showers shown in the figure,
can roughly estimate the inelasticity to be 0.1,y,0.15. This
is consistent with the estimates of Ref.@20#.1

Figure 2 shows the lateral distributions for vertical sho
ers produced by 300 EeV neutrinos, 60 EeV protons,
iron nuclei of 60 EeV. At 50 m from the core, the ratio of th
number of charged particles in the neutrino shower to tha
the proton shower is'2, whereas it is'1.5 inn/56Fe show-
ers. At about 1 km from the core these ratios reduce to'1.1
and'0.7, respectively. This is significant since experime
which rely on surface detectors to determine shower par
eters typically use samples taken on the order of 1 km fr
the core, and thus would not be able to easily distingu
between these particle species.

Figure 3 shows the radial dependence of the mean ar
time of muons for showers initiated by 300 EeV neutrin
and 60 EeV protons. It can be readily seen from the co

1It is important to stress that the maximum number of charg
particles produced in a proton-induced shower does not depen
the hadronic interaction model@27#, making the present estimate o
the inelasticity quite reliable.

FIG. 2. Lateral distributions of vertical 300 EeV neutrin
induced showers~triangles!, 60 EeV proton-induced shower
~circles!, and 60 EeV iron-induced showers~squares!. The error
bars indicate the RMS fluctuations.
12400
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parison that the proton-induced showers exhibit larger fl
tuations than the neutrino-induced showers. Besides, e
profile presents a well defined slope that characterizes
shower front and comprises a signature of the primary s
cies. In particular, a neutrino interacts in the atmosphere o
once or twice, and consequently the muons reach the gro
with a relatively short time delay.

The simulated neutrino showers discussed so far dep
far less energy in the atmosphere than the most energet
the observed cosmic ray events. A natural question is t
what the shower profile would look like for a neutrino who
energy and mean free path are such that it would dep
roughly the same energy as observed in the highest en
event@28#.

At this stage, it is important to point out that within th
SM framework neutrinos are produced at extremely high
ergies, typically by the weak decay of pions or other ha
rons. Thus, one needs protons to be accelerated to energ
few orders of magnitude even higher. In scenarios involv
precocious unification@29#, there may be alternatives to de
cay chains for producing super-GZK neutrinos at the sou

Figure 4 shows the longitudinal development of a 9
EeV neutrino-induced shower with a fundamental mass s
M* 51.3 TeV. We stress that such a scale is above the lo
bound forM* derived from the expected flux of neutrino
and current non-observation of horizontal air showers@22#.
The total energy deposited in the atmosphere~after 2 inter-
actions! is of the same order as the Fly’s Eye event, but
shower maximum occurs, as expected, significantly later

In summary, it has been proposed@16–18# that the GZK
cutoff can be skirted if the progenitors of the most energe
air showers are neutrinos. Under this hypothesis,
neutrino-nucleon cross section is increased by the pres
of extra dimensions, allowing the neutrinos to interact in t
atmosphere. Simulations indicate that neutrino-induc
showers at energies of a few hundred EeV would exh
signatures distinct from those of proton~or nucleus! induced
showers that deposit a similar amount of energy in the atm
sphere. Similarly, if there are neutrinos energetic enough
deposit as much energy in the atmosphere as is observe
the highest energy events, it appears they too may h
unique signatures. In fact, any physics beyond the stand
model that increases the neutrino-nucleon cross sec
should affect shower observables like longitudinal profi

d
on

FIG. 3. Arrival times for charged particles in vertical 300 Ee
neutrino and 60 EeV proton showers normalized at 50 m from
shower core. The error bars indicate the RMS fluctuations.
9-3
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LUIS ANCHORDOQUI et al. PHYSICAL REVIEW D 63 124009
~measured with fluorescence detectors! and ground particle
distributions~measured with surface detectors!. This article
contains some qualitative discussion of relevant observa
of neutrino-induced showers. As far as we are aware,
showers have been observed which are consistent with t
features. If candidates are eventually discovered, of cours
will be necessary to carry out a much more detailed simu
tion than the one presented here. We note that future hy
detectors such as the Pierre Auger Observatory@30# will be
in an exceptional position to search for such phenomena

Note added.After this paper was written, it was stresse
that extremely high energy~300 EeV! neutrinos with larger
cross section (s2 rise! can create showers that would loo
like the highest energy event@31#. If this is the case, it
should also be stressed that neutrinos of a few tens of
could induce vertical air showers with very distinctive pr
files. In Fig. 5 we show the longitudinal development
showers initiated by neutrinos ofE5531019 eV.2 For com-
parison we also show showers induced by gamma rays
protons ofE5531018 eV. It is easily seen that within this

2To compute the simulation we adopt the cross section gro
used in Ref.@31# to reproduce the Fly’s Eye data.

FIG. 4. The longitudinal development of a 900 EeV neutrin
induced shower is shown together with the experimental data
ported by Fly’s Eye. The error bars in the simulated points indic
the standard fluctuations of the means.
B
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framework a 50 EeV neutrino shower presents its own s
nature@32#.

The question of whether the interaction cross section
neutrinos with matter could be greatly enhanced~via massive
spin-2 exchange! at high energies is yet undecided. Observ
tion of deeply penetrating showers with 531018 eV depos-
ited in the atmosphere would give an experimental and d
nite answer to this question. As an immediate spinoff,
have the converse fact, i.e., that if there were no poss
candidate which could be associated with a neutrino show
then it should be understood as a serious objection to
hypothesis of neutrinos as progenitors of the ‘‘super-GZK
events. We strongly recommend that the Fly’s Eye data
re-analyzed searching for evidence of neutrino showers.
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