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Abstract. At Augerenergiesonly modelpredictionsenable
us to extract primary cosmicray features. The simulation
of the shower evolution dependssensitively on the first few
interactions,necessarilyrelatedto the quality of our under-
standingof high energy hadroniccollisions. Distortionsof
the standard“soft semi-hard”scenarioinclude novel large
compactdimensionsanda string or quantumgravity scale
not far above the electroweakscale.Näıvely, the additional
degreesof freedomyield unificationof all forcesin theTeV
range. In this article we studythe influenceof suchpreco-
ciousunificationduring atmosphericcascadedevelopments
by analyzingthemostrelevantobservablesin protoninduced
showers.

1 Intr oduction

Very recently, it hasbecomeevident that a promisingroute
towardsreconcilingtheapparentmismatchof thefundamen-
tal scalesof particle physicsand gravity is to modify the
shortdistancebehavior of gravity at scalesmuchlargerthan
the Plancklength. Suchmodificationcan be most simply
achievedby introducingextradimensions(generallythought
to becurled-up)in thesub-millimiterrange(Arkani-Hamed,
Dimopoulosand Dvali, 1998). Within this framework the
fundamentalscaleof gravity

���
canbeloweredall theway

to � (TeV), and the observed Planckscaleturnsout to be
just an effective scalevalid for energiesbelow the massof
Kaluza–Klein(KK) excitations. Clearly, while the gravita-
tional forcehasnotbeendirectlymeasuredfarbelow themil-
limeter range,StandardModel (SM) interactionshave been
investigatedwell below this scale. Therefore,if large extra
dimensionsreally exist, oneneedssomemechanismto pre-
ventSM particlesfrom feeling thoseextra dimensions.Re-
markably, thereareseveralpossibilitiesto confineSM fields
(andeven gravity) to a 4 dimensionalsubspace(referredto
asa brane-world) within the ������	�
 dimensionalspacetime
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(Dvali andM. Shifman,1997;RandallandSundrum,1999).
Theextremelyhighcenter-of-mass(c.m.)energiesattained

in cosmicraycollisionsat thetopof theatmospherearewell
above thosenecessaryto excite the hypotheticalKK modes
which would reflect a changein spacetimedimensionality.
Therefore,anaturalquestionto askis wetherKK excitations
could have a direct influencein the developmentof exten-
siveair showers.In thiscommunicationwereportonproton-
inducedshowers.

2 Fifth dimensioncalling: do you acceptthe charges?

To illustratethe effect of extra dimensionalgravity, we will
estimatethe effectsof exchanginga tower of KK gravitons
betweenthe hadrons.As usual,the partonevolution of in-
teractinghadrons � and  must be separatedinto: (i) the
non-perturbativesoft cascades,characterizedby a smallmo-
mentumtransfer ������������� GeV anddescribedby soft
Pomeronexchange,(ii) the hard cascades,��������� , that
shouldbedescribedperturbatively (Kalmykov, Ostapchenko
andPavlov, 1997).To assessthecontributionof KK graviton
exchange,weomit interferenceeffectsandtake for thecross
section���� !�#"$�&%'% � �&(*),+*- . (1)

where� %'% denotesthecontributionfrom thevirtual graviton
exchange,and� (*),+*- ./�0 " 12 /�0 35476 98 1;:�< )&=?>A@CB DFEHG�I J>A@LKNMPO 0RQTS DFUWVRXZY>A@[K\MPO 0RQN]!^`_ (2)

Here, a�b  Acd�/�0 �fehgi�
 standsfor thesoft eikonaldefinedby (Ter-
Martirosyan,1973),a b  !cZ�/�0 �fehgP�
 "kj / j 0l 6/�0nm�oqpsrut`v :  6� l 6/�0xw g (3)

where  is the impactparameter, v "zy\{ e , t "}|�~ ���7
 :�1 ,
and

l 6/�0 " l 6/ � l 60 � |��~ ���7
 v . The parametersof the
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Pomerontrajectory( t and |��~ ���h
 ) aswell asthosedescrib-
ing thePomeron-hadronvertices( j and

l 6
) aresetto their

valuesin QGSJET in the air shower simulation(Kalmykov,
Ostapchenko andPavlov, 1997). The semi-hardinteraction
is treatedasthe soft Pomeronemission(soft pre-evolution)
followedby thehardinteractionof partonsa����P� +/�0 �Rexgi�
 " 1��� 6�3k4 v7� 354 v 6 a b  !cZ�/�0 � <�� > S � @ gP�
� � ���P� + � <�� ) � > ) � @ gA����
�g (4)

where v � K 6 Q arethe rapiditiesof the Pomeronend, � ���P� + is
the partoninteractioncrosssection, � 6 is an adjustablepa-
rameterassociatedwith partondensityand

2 /�0 is theshower
enhancementcoefficient (Kaidalov, 1982). Thelatter is also
fixedto thevalueof QGSJET in thesimulations.

A completetheoryof massive KK graviton modesis not
yet available,makingit impossibleto know the exact cross
sectionat asymptoticenergies. A simpleBorn approxima-
tion to the elasticcrosssectionleads,without modification,
to � %'%�� e 6 (Jainet al. (a),2000).Unmodified,this behav-
ior by itself eventuallyviolatesunitarity. This may be seen
eitherby examiningthepartialwavesof thisamplitude,or by
notingthehigh energy Reggebehavior of anamplitudewith
exchangeof the graviton spin-2Reggepole: with intercept| ���7
 " � , theelasticcrosssection4 �4h� ��� ��� �fehg � 
 � 6e 6 � e 6P� K � Q ) 6 � e 6 g (5)

whereasthetotal crosssection� %�% ������� � � �f�h
��e � e � K � Q ) � � ehg (6)

sothateventually� %'%��  � � %�% _ Eikonalunitarizationschemes
modify thesebehaviors: in the caseof the tree amplitudes
(Nussinov andShrock,1999,2001)theresulting(unitarized)
crosssection� %'%¡� exg whereasfor thesingleReggepoleex-
changeamplitude,(KachelriessandPlumacher, 2000)� %'% �y\{ 6 �fe£¢Fe*��
 . However, theReggepictureof graviton exchange
is not yet entirelyestablished:boththe(apparently)increas-
ingdominanceassumedbysuccessiveReggecutsduetomul-
tiple Reggepoleexchange(Muzinich andSoldate,1988),as
well asthepresenceof thezeromassgraviton canintroduce
considerableuncertaintyin the eventualenergy behavior of
the crosssection. Hereafter, we work within the unitariza-
tion framework andadoptasourcrosssection(Tyler, Olinto,
Sigl, 2001;Anchordoquiet al. (a),2001)�&%�% � �x¤�e� (� � 1 � ) 6P¥ r � �¦ m�§ w ),( r ¨1 � �!© m�§ w}ª � 6 _ (7)

The experimentalinformationobtainedat groundlevel is
only indirectlyconnectedto thefirst few generationsof hadrons.
Consequently, the study of the influenceof KK-modeson
hadronicinteractionswith c.m. energies e �A« 6 � 1 �h� TeV,
requirescorrectlysimulatingthe intrinsic fluctuationsin the
air showers.

Let usfirst discussin a very generalway the possibleef-
fectsintroducedby virtual graviton exchange.The survival
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Fig. 1. Inelasticcrosssectionsas a function of the c.m. energy.
The solid line standsfor the usual4-dimensionalcrosssectionof
QGSJET, whereasthe dashedline representscorrectionscoming
from thevirtual graviton exchange.We alsoshow in thefigureex-
perimentalpointsof theinelasticÊ -air crosssectionasobservedby
differentcosmicray experiments(Baltrusaitiset al., 1984;Honda
etal., 1993).

probability Ë at atmosphericdepth Ì of a particle � with
meanfreepathÍ / " Î � - �� / ) � - � g (8)

is givenbyË¡��ÌÏ
 " < )&Ð «iÑ > g (9)

where Î � - � is the massof an averageatomof air, and the
crosssections� / ) � - � inferredfrom Eq. (7) areshown in Fig.
1. It is straightforward to seethat the total thicknessof the
atmospherecorrespondsto morethan20hadronicinteraction
lengths,dependingontheprimaryzenithangle.Thekey fea-
ture in theevolution of theshower is thebranchingbetween
decayandinteractionof secondaryhadronsalongtheir path
in theatmosphere.Thelatterstronglydependsbothonparti-
cleenergy andtargetdensity.

Becauseof thelow air densityat thetopof theatmosphere
thepoint of thefirst interactionfluctuatesconsiderablyfrom
shower to shower. However, KK-graviton exchangesignifi-
cantlyreducesthenucleonattenuationlength,e.g.,at Ò � 1 � 6 �
eV,

Í (Ó �Ô� 1 g/cm
6
, whereas

Í K ( S'ÕFQÓ ��ÒhÖ g/cm
6
. More-

over, tiny deviationson the meanfree pathof non-leading
secondariesyield a small changein the shower interaction
length.Namely, thesurvival probabilityof a secondarypion
(say¨ "$× � 1 � �!© eV) at Ì " �7� g/cm

6
is reducedfrom43%

to 41%,andthatof a kaonwith thesameenergy from 30%
to 29%. Therefore,onecan– perhapsnäıvely – statethat
phenomenologicalmodelsconsideringthe virtual exchange
of graviton towerswould trigger, on average,earliershower
developmentsthana naked“soft semi-hard”scenario.

Test simulationsrunsof giant air shower evolution have
beenperformed,choosingtypical parametersfor the exper-
imentalsituationat the Fly’s Eye (Baltrusaitiset al., Nucl.
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Fig. 2. Distributionsof Ø�ÙÛÚ¸Ü .
1985)andAuger (Zavrtanik, 2000)experiments.The algo-
rithmsof AIRES (version2.1.1)(Sciutto,1999)wereslightly
modifiedsoasto tracktheparticlesin theatmospherevia the
standard8 parameterfunction,Í / "ÞÝ � 1 � Ý 6�ß � Ý�à ß 6 � Ý ( ß à1 � Ý�á ß � Ý�â ß 6 � Ý�ã ß à � Ý ¥ ß (åä ª � ) 6 g (10)

where
ß "ny\{ ¨ [GeV] andthecoefficients Ý�æ canbefound

in (Anchordoquiet al. (b), 2001). The hadronizationalgo-
rithm that translatesthe partonstringsproducedduring the
scatteringprocessinto ordinaryparticles,remainsthesame.

In the simulation,several setsof protonswith ¨ " Ò �1 � 6 � eV were injected at 100 km above sealevel (a.s.l.).
The samplewas uniformly spreadin the interval of 0ç to
50ç zenithangleat the top of the atmosphere.All shower
particleswith energiesabove the following thresholdswere
tracked: 750 keV for gammas,900 keV for electronsand
positrons,10 MeV for muons,60 MeV for mesonsand120
MeV for nucleons. The resultsof thesesimulationswere
processedwith thehelpof theAIRES analysispackage.

TheatmosphericdepthÌ . �!è atwhich theshowerreaches
its maximumnumberof secondaryparticlesis the standard
observableto describethespeedof theshowerdevelopment.
Thechargedmultiplicity, essentiallyelectronsandpositrons,
is usedto determinethenumberof chargedparticlesandthe
locationof the shower maximumby meansof 4-parameter
fits to theGaisser-Hillas (1977)functionËsé � ��ÌÏ
 " Ësé �. �!è r Ì : Ìê�Ì . �!è : Ìê� w B K Ð�ë Vfì )&Ð�í Q «iÑ ]� m�oqpêî Ì . �!è : ÌÍ ï g�Ì�ðñÌò�hg (11)

Fig. 3. Atmosphericcascadedevelopmentof protonshowers( ó�ôõ÷ö`øiù�ú¸û
eV), superimposedover theFly’sEyedata.Theerrorbars

in thesimulatedcurvesindicateRMSfluctuationsof themeans.

whereÌ . �!è , Ë é �. �Aè , Í , and Ì � arethefreeparametersto be
adjusted.1 Shown in Fig. 2 arethe resultantÌ . �!è distribu-
tionsof protonshowerswith Ò � 1 � 6 � eV andprimaryzenith
angle43.9ç .2 Thetails ( Ì . �Aè �$üx�h� g/cm

6
) of thesedistri-

butionswerefitted with exponentials( | < )uý�Ð�ë V�ì ), floating
both the normalisation| and the exponentin the fit. The
resultingparametersare: þ " � _ ÿ�� � _ 1 � 1 � ) 6 cm

6
/g for

the 4-dimensionalcase,and þ " � _ ü � � _ 1 � 1 � ) 6 cm
6
/g

for the �T� �ñ	�
 -dimensionalcase.A statisticallysignificant
differencebetweenthe two approachesarisesin the tail of
thedistribution. This is becausethedepthof suchpenetrat-
ing showersincreasinglyreflectsthatof the first interaction
(Gaisseret al., 1982;Ellsworth et al., 1982). Resultsof the
fits to the Ì . �Aè distributionsgeneratedby applyingprogres-
sively lessrestricteddatacuts(distancesnearthepeak)lead
to exponentialslopesthatwithin theerrorareconsistentwith
oneanother.

In Fig. 3 we show the longitudinaldevelopmentsof pro-
ton showerssuperimposedover theexperimentaldataof the
world’s highestenergy cosmicray shower observed to date
(Bird et al., 1995). We selectedfrom our shower sample
thosewith a primary zenithangleof �hÒ _ ü7ç , settingthe ob-
servationlevel at850m a.s.landwith geomagneticfield spe-
cific for theFly’sEyesite.Althoughat thesametotalenergy
ashowerthattakesinto accountthevirtual gravitonexchange
developsfasterthanthatmodelledwith unmodifiedQGSJET,
asexpectedfrom ourpreviousanalysis,thedifferencesin the

1The parameter� is externally fixed at 70 g/cm
ú
. This is the

usualprocedurein AIRES.
2This is theprimaryzenithangleof theFly’s Eyeevent(Bird et

al., 1995).
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Fig. 4. Atmosphericcascadedevelopmentsof protonshowersfor
extremeprimaryzenithangles(

ù��
and � ù�� ) and ó�ô õ ö øiù�ú¸û eV.

TheerrorbarsindicateRMSfluctuationsof themeans.

positionof Ì . �Aè fall within the errors. However, thereare
visible deviationsin the evolution of the chargedmultiplic-
ity. To estimatethe amountof departurefrom the standard
4-dimensionalscenariowe analyzedthe databy meansof aa 6 test. We assumethat thesetof measuredvaluesby Fly’s
Eyeareuncorrelated(any depthmeasurementis independent
of any other),andmakeuseof thequantitya 6 � �	


�� � �  
 : | 
 �
6� 6��� g (12)

where � is the total numberof pointsin the analysis,� � � is
the error on the  
 th coordinate, 
 is the measuredvalue
of thecoordinate,and | 
 the(hypothetical)truevalueof the
coordinate.Theobtainedresultsare a 6( ¢������ " Òh�F� _ Öxü7¢ 1 � ,a 6 K ( S'ÕFQ ¢������ " �F�h� _ × �7¢ 1 � . If in the future the situation
shouldarisethat onecanbe confidentthat the hadronicin-
teractionsarecorrectlymodeled,thenit will benecessaryto
carryout a moresophisticatedstatisticalanalysiswhich, for
example,accountsfor thenon-Gaussiandistributions.

All in all, KK-graviton exchange offers a viable mecha-
nism to reduce by around 6% the mean free path of ultra
high energy ( ¨ � × � 1 � �!© eV) hadrons in the atmosphere.

3 Outlook

Theorieswith large compactdimensionsand TeV-scale
quantumgravity representa radicaldeparturefrom previous
fundamentalparticle physics. If thesescenariihave some
truth, thescatteringphenomenologyabove collider energies

would bequitedistinct from SM expectations.In particular,
theexchangeof KK towersof gravitonsleadsto a modifica-
tion of SM hadroniccrosssectionsat e �A« 6 � 1 �x� TeV. Ex-
tremelyhigh energy cosmicraysthat impingeon stationary
nucleonsat the top of the atmospherestart chain reactions
wherethec.m. energy canbeashigh as500TeV. It is there-
fore instructive to explore KK exchangesensitivity within
theentireaverageprofile of theair shower. In this paperwe
have contributeda few resultsto this topic. We have shown
thattheexchangeof KK gravitonscouldaffect therateof de-
velopmentof atmosphericcascadesinitiatedby protons.For
primary energiesabove Ò � 1 � 6 � eV, the effectsarestatis-
tically significant(they becomedominantif the e 6 behavior
is retainedfor � %'% (Jainet al. (b), 2000))andcanthusbe
observedby fluorescencedetectors.Thedetailsof our anal-
ysisshouldbe treatedwith somecautionsincethey maybe
sensitive to thehadronicinteractionmodelused.Theoverall
conclusion,however, shouldremainthesame.
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