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Abstract. At Augerenegiesonly modelpredictionsenable
us to extract primary cosmicray features. The simulation
of the shaver evolution dependssensitvely on the first few
interactions hecessarilyrelatedto the quality of our under
standingof high enegy hadroniccollisions. Distortionsof
the standard‘soft semi-hard”scenarioinclude novel large
compactdimensionsand a string or quantumgravity scale
not far above the electraveakscale. Naively, the additional
degreesof freedomyield unificationof all forcesin the TeV
range. In this article we studythe influenceof suchpreco-
cious unificationduring atmosphericcascadalevelopments
by analyzingthemostrelevantobsenablesin protoninduced
shawers.

1 Intr oduction

Very recently it hasbecomeevidentthat a promisingroute
towardsreconcilingthe apparentnismatchof thefundamen-
tal scalesof particle physicsand gravity is to modify the
shortdistancebehaior of gravity at scalesmuchlargerthan
the Plancklength. Suchmodificationcan be mostsimply
achievedby introducingextradimensionggenerallythought
to be curled-up)in the sub-millimiterrange(Arkani-Hamed,
Dimopoulosand Dvali, 1998). Within this framework the
fundamentakcaleof gravity M, canbeloweredall the way
to O (TeV), andthe obsened Planckscaleturns out to be
just an effective scalevalid for enegiesbelow the massof
Kaluza—Klein(KK) excitations. Clearly, while the gravita-
tionalforcehasnotbeendirectly measuredarbelov themil-
limeter range,StandardModel (SM) interactionshave been
investigatedwvell below this scale. Therefore,if large extra
dimensiongeally exist, oneneedssomemechanismto pre-
vent SM particlesfrom feeling thoseextra dimensions.Re-
markably therearesereral possibilitiesto confineSM fields
(andeven gravity) to a 4 dimensionalkubspacdreferredto
asa brane-vorld) within the (4 + n) dimensionakpacetime
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(Dvali andM. Shifman,1997;RandallandSundrum,1999).

Theextremelyhighcenterof-masgc.m.) enegiesattainec
in cosmicray collisionsatthetop of theatmospherarewell
above thosenecessaryo excite the hypotheticalkK modes
which would reflecta changein spacetimedimensionality
Thereforeanaturalquestiorto askis wetherkKK excitations
could have a direct influencein the developmentof exten-
siveair shavers.In thiscommunicatiorwe reporton proton-
inducedshowers.

2 Fifth dimensioncalling: do you acceptthe charges?

To illustratethe effect of extra dimensionalgravity, we will
estimatethe effects of exchanginga tower of KK gravitons
betweenthe hadrons. As usual,the partonevolution of in-
teractinghadronsa and b must be separatednto: (i) the
non-perturbatie soft cascades;haracterizety a smallmo-
mentumtransferg; < ¢o ~ 2 GeV anddescribedby soft
Pomeronexchange,(ii) the hard cascadesg; > qo, that
shouldbe describederturbatvely (Kalmykov, Ostapchent
andPavlov, 1997).To assesthecontributionof KK graviton
exchangewe omit interferenceeffectsandtake for the cross
section

Ttot = O'KK + a_4—dim (1)

whereo¥¥ denoteghecontributionfrom thevirtual graviton
exchangeand

o .
oty im = / @b {1 - Ol et en) o)

Here, x5 (s, b) standsfor the soft eikonal definedby (Ter-
Martirosyan,1973),

soft _ Ya b _ b?
Xab (Sab) - sz €xp (Ay 4R(2Lb) ’ (3)
whereb is theimpactparametery = lns, A = ap(0) — 1,
and R?, = R? + R} + a/5(0)y. The parameterof the
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Pomerortrajectory(A anda/s(0)) aswell asthosedescrib-
ing the Pomeron-hadronrertices(y and R?) aresetto their
valuesin QGSJET in the air shaver simulation (Kalmykov,
Ostapchent and Pavlov, 1997). The semi-hardinteraction
is treatedasthe soft Pomeronemission(soft pre-evolution)
followedby the hardinteractionof partons

1
xhard(s,b) = §r2/dy1/dy2 X5 (evete  b)

X Uhal‘d(eyiyaiy%qo):

(4)

wherey, 2y arethe rapiditiesof the Pomeronend, oharq is
the partoninteractioncrosssection,r? is an adjustablepa-
rameterassociateavith partondensityandC,; is theshaver
enhancementoeficient (Kaidalov, 1982). Thelatteris also
fixedto the valueof QGSJET in the simulations.

A completetheory of massive KK graviton modesis not
yet available, makingit impossibleto know the exact cross
sectionat asymptoticenegies. A simple Born approxima-
tion to the elasticcrosssectionleads,without modification,
to oKK ~ s? (Jainetal. (a),2000). Unmodified,this beha-
ior by itself eventuallyviolatesunitarity. This may be seen
eitherby examiningthe partialwavesof thisamplitude or by
notingthe high enegy Reggebehaior of anamplitudewith
exchangeof the graviton spin-2 Regge pole: with intercept
a(0) = 2, theelasticcrosssection

do |Ar(s,t)[? 2a(0)—2 2
dt 52 N > ®)
whereaghetotal crosssection
Im[A
KK m[ R(O)] ~ Sa(O)fl ~ s, (6)

8

sothateventuallyo5¥ > oKX Eikonalunitarizationrschemes
modify thesebehaiors: in the caseof the tree amplitudes
(Nussin andShrock,1999,2001}heresulting(unitarized)
crosssectiono XX ~ s, whereador thesingleReggepoleex-
changeamplitude (KachelriesendPlumacher2000)a XX ~
In?(s/s0). However, the Reggepictureof graviton exchange
is notyet entirely establishedboththe (apparentlyjncreas-
ing dominancessumedby successie Reggecutsdueto mul-
tiple Reggepole exchanggMuzinich andSoldate, 1988),as
well asthe presencef the zeromassgraviton canintroduce
considerablaincertaintyin the eventualenegy behaior of
the crosssection. Hereafter we work within the unitariza-
tion framavork andadoptasour crosssection(Tyler, Olinto,
Sigl, 2001;Anchordoquietal. (a),2001)

M\ * E
~ 1n—28 * 2
~ 10 (Te ) (71019 eV) cm”.  (7)

The experimentalinformation obtainedat groundlevel is

4d7rs
M}

KK

g ~

only indirectly connectedo thefirst few generationsf hadrons.

Consequentlythe study of the influenceof KK-modeson
hadronicinteractionswith c.m. enegiess'/2 > 100 TeV,
requirescorrectlysimulatingthe intrinsic fluctuationsin the
air shavers.

Let usfirst discussn a very generalway the possibleef-
fectsintroducedby virtual graviton exchange.The survival
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Fig. 1. Inelasticcrosssectionsas a function of the c.m. enenpy.

The solid line standsfor the usual4-dimensionakrosssectionof

QGSJET, whereasthe dashedline representorrectionscoming
from the virtual graviton exchange We alsoshaw in thefigure ex-

perimentapointsof theinelasticp-air crosssectionasobsered by
differentcosmicray experiments(Baltrusaitiset al., 1984; Honda
etal.,1993).

probability N at atmospheriaepth X of a particlea with
meanfree path

Mair

)‘a - 0_—., (8)
a—alr

is givenby

N(X) = e X/, ©)

wherem,;; is the massof an averageatom of air, andthe
crosssectionsr, ;. inferredfrom Eq. (7) areshowvnin Fig.
1. It is straightforvard to seethat the total thicknessof the
atmosphereorrespondfo morethan20hadronidnteraction
lengths dependingntheprimaryzenithangle. Thekey fea-
turein the evolution of the shower is the branchingbetweer
decayandinteractionof secondanhadronsalongtheir path
in theatmosphereThelatterstronglydepend$othon parti-
cleenegy andtargetdensity

Becausef thelow air densityatthetop of theatmosphert
the point of thefirst interactionfluctuatesconsiderablyfrom
shawer to shaver. However, KK-graviton exchangesignifi-
cantlyreduceshenucleonattenuatiorength,e.g.,at3x 10%°
eV, 4 ~ 41 glen?, whereas\;' ™ ~ 38 glcm?. More-
over, tiny deviations on the meanfree path of non-leadinc
secondarieyield a small changein the shawver interaction
length. Namely the survival probability of a secondanpion
(sayE = 5x10% eV)atX = 40 g/cn? isreducedrom 43%
to 41%, andthat of a kaonwith the sameenegy from 30%
to 29%. Therefore,one can— perhapsnaively — statethat
phenomenologicamnodelsconsideringthe virtual exchange
of graviton towerswould trigger, on average earliershaver
developmentghana naked“soft semi-hard”scenario.

Testsimulationsruns of giant air shaover evolution have
beenperformed,choosingtypical parametergor the exper
imental situationat the Fly’s Eye (Baltrusaitiset al., Nucl.
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Fig. 2. Distributionsof Xmax.

1985)and Auger (Zavrtanik, 2000) experiments.The algo-
rithmsof AIRES (version2.1.1)(Sciutto,1999)wereslightly
modifiedsoasto tracktheparticlesin theatmosphereia the
standard parametefunction,

\ o= p 14+ P u+ Ps u? + Py u?
I P ut P ul+ P ud+ Py

78 cm 2, (10)

whereu = In E [GeV] andthe coeficients P; canbefound
in (Anchordoquiet al. (b), 2001). The hadronizatioralgo-
rithm that translateghe partonstringsproducedduring the
scatteringprocessnto ordinaryparticlesremainghe same.

In the simulation, several setsof protonswith £ = 3 x
102° eV were injectedat 100 km above sealevel (a.s.l.).
The samplewas uniformly spreadin the interval of 0° to
50° zenithangleat the top of the atmosphere.All shower
particleswith enegiesabove the following thresholdswere
tracked: 750 keV for gammas,900 keV for electronsand
positrons,10 MeV for muons,60 MeV for mesonsand 120
MeV for nucleons. The resultsof thesesimulationswere
processedvith the helpof the AIRES analysispackage.

TheatmospheridepthX ., atwhichtheshoverreaches
its maximumnumberof secondanparticlesis the standard
obsenrableto describehe speedf the shaver development.
Thechagedmultiplicity, essentiallyelectronsandpositrons,
is usedto determinethe numberof chagedparticlesandthe
location of the shaver maximumby meansof 4-parameter
fits to the GaissetHillas (1977)function

Nch

h X _ XO [(Xmax_XO)/)‘]
NP(X) = Npux X — Xo
max

- X
R }7 X Z X07 (11)
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Fig. 3. Atmosphericcascada@evelopmentof protonshavers(E =
3 x 10%° eV), superimposedver the Fly's Eyedata. Theerrorbars
in the simulatedcunesindicateRMS fluctuationsof themeans.

whereXax, N8, A, and X, arethefree parameterso be
adjustedt Shown in Fig. 2 arethe resultantXp,,, distribu-
tionsof protonshaverswith 3 x 102° eV andprimaryzenith
angle43.9°.? Thetails (Xax > 900 g/cn?) of thesedistri-
butionswerefitted with exponentials(a. e=# Xmax), floating
both the normalisationa and the exponentin the fit. The
resultingparameterare: 8 = 2.6 + 0.1 x 10~2 cm?/g for
the 4-dimensionakase,and8 = 2.9 + 0.1 x 10~2 cm?/g
for the (4 + n)-dimensionalkase.A statisticallysignificant
differencebetweenthe two approachesirisesin the tail of
thedistribution. This is becausehe depthof suchpenetrat:
ing shawversincreasinglyreflectsthat of the first interaction
(Gaisseret al., 1982; Ellsworth et al., 1982). Resultsof the
fits to the X ,,.x distributionsgeneratedby applyingprogres-
sively lessrestricteddatacuts(distancesiearthe peak)lead
to exponentialslopeghatwithin theerrorareconsistentvith
oneanother

In Fig. 3 we shaw the longitudinaldevelopmentsf pro-
ton shoverssuperimposedver the experimentaldataof the
world’s highestenegy cosmicray shaver obsenedto date
(Bird et al., 1995). We selectedfrom our shover sample
thosewith a primary zenithangleof 43.9°, settingthe ob-
senationlevel at850m a.s.landwith geomagnetiield spe-
cific for theFly’s Eyesite. Althoughatthe sametotal enegy
ashowerthattakesinto accounthevirtual graviton exchange
developsfasterthanthatmodelledwith unmodifiedQGSJET,
asexpectedrom our previousanalysisthedifferencesn the

The parameten is externally fixed at 70 g/cn?. This is the
usualproceduren AIRES.

2Thisis the primary zenithangleof the Fly’s Eyeevent(Bird et
al.,1995).
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Fig. 4. Atmosphericcascadelevelopmentsof protonshaversfor
extremeprimaryzenithangles(0° and50°) andE = 3 x 10%° eV.
TheerrorbarsindicateRMS fluctuationsof the means.

positionof X,,.x fall within the errors. However, thereare
visible deviationsin the evolution of the chaged multiplic-
ity. To estimatethe amountof departurefrom the standard
4-dimensionakcenariove analyzedthe databy meansof a
x? test. We assumethatthe setof measuredialuesby Fly's
Eyeareuncorrelatedany depthmeasuremerns independent
of ary other),andmake useof the quantity

(12)

wheregq is thetotal numberof pointsin the analysiso,; is
the error on the z;th coordinate,z; is the measuredralue
of the coordinateandea; the (hypotheticalfruevalueof the
coordinate Theobtainedresultsarex /DOF = 324.89/12,
X{11n)/DOF = 200.52/12. If in the future the situation
shouldarisethat one canbe confidentthat the hadronicin-
teractionsarecorrectlymodeledthenit will benecessaryo
carry out a moresophisticatedtatisticalanalysiswhich, for
example,accountdor thenon-Gaussiadistributions.

All in all, KK-graviton exchange offers a viable mecha-
nism to reduce by around 6% the mean free path of ultra
high energy (E > 5 x 10*? eV) hadronsin the atmosphere.

3 Outlook

Theorieswith large compactdimensionsand TeV-scale
guantumgravity represent radicaldeparturéfrom previous
fundamentalparticle physics. If thesescenariihave some
truth, the scatteringphenomenologybove collider enegies

would be quite distinctfrom SM expectationsin particulay
the exchangeof KK towersof gravitonsleadsto a modifica-
tion of SM hadroniccrosssectionsat s'/2 > 100 TeV. Ex-
tremelyhigh enegy cosmicraysthatimpingeon stationary
nucleonsat the top of the atmospherestart chain reactions
wherethec.m. enegy canbeashighas500TeV. It is there-
fore instructive to explore KK exchangesensitvity within
the entireaverageprofile of the air shawver. In this paperwe
have contrituteda few resultsto this topic. We have shavn
thattheexchangeof KK gravitonscouldaffecttherateof de-
velopmentof atmosphericascadegitiated by protons.For
primary enegiesabove 3 x 10%° eV, the effects are statis-
tically significant(they becomedominantif the s> behaior
is retainedfor ok (Jainetal. (b), 2000))andcanthusbe
obseredby fluorescenceletectors.The detailsof our anal-
ysis shouldbe treatedwith somecautionsincethey may be
sensitve to the hadronicinteractionmodelused.Theoverall
conclusionhowever, shouldremainthe same.
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