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Recently,theANITAcollaborationreportedontwoupward-goingextensiveairshowerevents
consistentwithaprimaryparticlethatemergesfromthesurfaceoftheAntarcticicesheet.These
eventsmaybeofντorigin,inwhichtheneutrinointeractswithintheEarthtoproduceaτlepton
thatemergesfromtheEarth,decaysintheatmosphere,andinitiatesanextensiveairshower.In
thispaperweestimateanupperboundontheANITAacceptancetoadiffuseντfluxdetectedvia
τ-lepton-inducedairshowerswithintheboundsofStandard Modeluncertainties. Bycomparing
thisestimatewiththeacceptanceofPierreAugerObservatoryandIceCubeandassumingStandard
Modelinteractions,weconcludethataντoriginoftheseeventswouldimplyaneutrinofluxatleast
twoordersofmagnitudeabovecurrentbounds.

I. INTRODUCTION

TheANITAcollaborationhasreportedthedetection
oftwoupward-pointingcosmic-ray-likeeventspropagat-
ingdirectlyfromtheAntarcticicesheetamongapop-
ulationof 30cosmicrayevents[1–3]. Amongthe
cosmic-ray-likeradiosignalsthatreachANITAfrombe-
lowthehorizon,mostdisplayaphasereversalindicative
ofreflectionsofftheicesurfaceofsignalsproducedby
downward-movingExtensiveAirShowers(EAS).How-
ever,asdescribedin[1]and[2],ANITAhasobservedtwo
anomalouseventsinwhichradiosignalscomingfromthe
directionoftheicedonotdisplaythisphasereversaland
thusappeartohavebeenproducedbyupward-moving
EAS.Asdiscussedin[1]and[2],oneplausiblemecha-

nismthatcouldproducethemistheescapeofτleptons
fromντinteractionsintheEarthandtheirsubsequent
decayintheatmospheretoproduceanEAS.However,it
wasnotedthatthelongchordlengthsthroughtheEarth
poseaseverechallengetothisinterpretationduetothe
largeprobabilityofabsorption[1].Inthiswork,weex-
plorethehypothesisofντoriginwithintheStandard
Modelinmoredetailwithanacceptanceestimatebased
onMonteCarlosimulations.

Thefocusofthisworkisonestimatingtheacceptance
toadiffuseντfluxforcomparisonwiththeAugerand
IceCubeupperlimits. Weusededicatedparticlepropa-
gationandEASradioemissionsimulations.Afollow-up
paperwillfocusonsensitivitytopointsourcefluxesand
transients.
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ANITA-I:Event3,985,267 ANITA-III:Event15,717,147

PayloadElevationAngle -27.4◦±0.3◦ -35.0◦±0.3◦

PayloadAzimuthAngle 159.6◦±0.7◦ 61.4◦±0.7◦

PayloadAltitude 35.029km 35.861km

IceThickness 3.53km 3.22km

MagneticFieldStrengthat0-km 49.9892µT 60.0783µT

MagneticFieldI -68.24265◦ -77.4927◦

MagneticFieldD -38.5059◦ -155.6842◦

PeakHpolElectricFieldStrength 0.77mV/m 1.1mV/m

Airshowerenergy 0.6±0.4EeV 0.6+0.3−0.2EeV

TABLEI:ANITA-IandANITA-IIIτcandidateeventsasreportedin[1]and[2]respectively.Payloadelevation
anglereferstotheeventelevationanglewithrespecttothepayload?shorizontalandpayloadazimuthanglerefers
totheeventazimuthanglewithrespecttotruenorth.

Simulationsoftheradioemissionofcosmic-rayEAS
usingZHAireS[4]havebeenappliedtointerpretthespec-
tralcharacteristicsofthesignal[5],topredicttheeffect
onsignalpolarizationduetoshowerchargeexcess[6],
andtoaccountforreflectionsoftheradiosignalsonthe
icecap[7].TheradioemissionmodelinZHAireShasalso
beenvalidatedinalaboratoryexperimentthatincluded
theeffectsofadielectricmediumandtheinfluenceofa
magneticfield[8].EnergyreconstructionoftheANITA-I
cosmic-ray-inducedeventsdetectedafterreflectiononthe
icewithZHAireShasledtothefirstmeasurementofthe
cosmic-rayspectrumwiththeradiotechnique[9],giving
compatibleresultswithmeasurementsofthespectrum
withmoreestablishedtechniques[10,11].Theseresults
giveconvincingevidencethatthesimulationsofthese
pulsesareaccurate.

Inthiswork,wehaveextendedthefunctionalityof
ZHAireStoproduceEASradioemissionfromupward-
goingτ-leptondecaysobservedathighaltitudes. The
simulationallowsfortheinjectionoftheτdecayprod-
uctsatanyaltitudethusenablingthecharacterization
ofradioimpulsivesignalsduetoτdecayspropagating
upwardsintheatmosphere. Theestimatesoftheair
showerenergiespresentedin[1,2]usedsimulationsof
downward-goingcosmic-raypropagationgeometriesfor
theirinterpretation.Inthispaper,weincludetheeffect
ofupward-pointingEASproducedathighaltitudes.

Wehavedevelopeda MonteCarlosimulationtoes-
timatetheacceptanceoftheANITAinstrumenttoτ-
leptonairshowersofdiffuseντfluxoriginwiththepur-
poseofcomparingthesensitivitytotheAuger[12,13]
andIceCube[14]results,aswellastotestwhetherevent
emergenceanglesfromthesimulationsareconsistent
withthedata.Theprocessofproducingaτ-leptonde-
cayintheatmospherefromντpropagatinginEarthis
involvedandweusepubliclyavailablesimulations[15]as
partoftheacceptanceMonteCarlo.Ontraversal,theντ
suffersattenuationandregenerationthroughbothneu-
tralandchargedcurrentinteractions,which,ineffect,re-
ducetheneutrinoenergy.Ifaντinteractiontakesplace

closetotheEarth’ssurface,itcanproduceaτlepton
thattravelsthroughtheEarthuntilitexits,withsome
probability,totheatmosphere. Theτleptonthende-
caysinflightproducinganupward-pointingEAS,which
inducesacoherentelectromagneticpulsethattriggersthe
ANITAdetectorfloatingathighaltitude.
Thisarticleisorganizedasfollows.InSection2we
brieflyreviewthecharacteristicsoftheANITAτ-lepton
EAScandidateeventsandprovideresultsfromZHAireS
simulationswiththeobservedgeometriesforcompari-
son.InSection3weprovidethedetailsoftheaccep-
tanceMonteCarloincludinganoverviewoftheparticle
propagationprocessesinvolved,theZHAireS-basedradio
emissionmodel,andthedetectormodel.Resultsofthe
MonteCarlosimulationsarepresentedinSection4,in-
cludingtheeffectsoficeshellthickness,StandardModel
neutrino-nucleoninteractioncrosssectionuncertainties,
andtwodifferentmodelsofthephotonuclearcontribu-
tiontotheτ-leptonenergyloss. Withthisframework,
weestimateanupperboundontheANITAexposureto
comparewiththeντfluxlimitsfromAugerandIceCube.
Inaddition,wecomparetheestimateddifferentialaccep-
tanceasafunctionofemergenceangletothedatatotest
forconsistency.InSection5weprovidediscussionand
conclusionsbasedontheseresults.

II. RADIOEMISSION MODELINGOFTHE
ANITAτ-LEPTONAIRSHOWERCANDIDATE

EVENTS

Event 3,985,267 from ANITA-I [1] and event
15,717,147fromANITA-III[2]areisolatedeventsthat
passedallsignalqualityandclusteringcuts.Theelectric
fieldsareimpulsiveandhavespectraconsistentwiththe
otherANITAcosmicrayevents[3,9]andtheirpolar-
izationsarecorrelatedwiththegeomagneticfield. The
distinguishingfeatureisthatthepolarity,thesignofthe
maximumelectricfieldvalue,oftheseeventsisinverted
comparedtotherestofthecosmicrayeventspointingto
thecontinent.Thisisafeaturethatisconsistentwiththe
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radioemissionofanextensiveairshowerthatisnotre-
flected.Interpretingtheseeventsasextensiveairshowers
requiresthattheparentparticlesproducingthememerge
upwardfromtheice,particularlybecausethemeasured
emergenceangles(thecomplementoftheexitangleθexit
showninFigure1)oftheeventsare25.4◦(ANITA-I)and
35.5◦(ANITA-III)with∼1◦uncertainty. Wesummarize
theeventparametersinTableI.

Theseupgoingshowerscouldbeduetoatauneutrino
incidentontheEarth. Theντ
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FIG.1:Detectiongeometry.TheEarthismodeledasa
spherewithEarth’spolarradiusRE andalayerofice
ofthicknessDabovethat.Thedetectorisataheighth
aboveicelevel(i.e.aboveRE+D).Thebluedashed
linerepresentstheincomingneutrinowithdirectionof
propagationr̂ντ.Iftheneutrinointeractswiththe
Earthviaachargedcurrentinteraction,aτleptonis
producedthatcontinuestopropagatewithdirection
r̂ντ.Thisparticlecanpotentiallyexitthesurfaceofthe
EarthattheτexitpointatEarthangleθE.Thevector
r̂ντ isnotnecessarilyintheplaneofthepage.Theexit
angleθexitistheanglebetweenthevectornormaltothe
surfaceoftheEarthattheexitpointn̂E andr̂ντ.Ifa
tauleptonexitsthesurfaceoftheEarth,itwill
propagateintheEarth’satmosphereuntilitdecaysata
τdecayaltitudeabovetheicesurface(i.e.above
RE+D).Ifthedecaymodeincludeshadrons,itwill
produceanextensiveairshower(EAS).ThisEASwill
producearadioimpulse.Becauseinsomecasesthe
showermaximumcanbenearorpastthelocationof
thedetector,theviewangleθviewoftheradioemission
istakenwithrespecttotheτ-leptondecaypoint.

orwithregeneration,beforeproducingaτleptonvia
acharged-currentinteractionnearthesurface,withthe
τleptonsubsequentlydecayingintheatmosphereand
atleastoneofitsdecayproductsinitiatinganexten-
siveairshower. WhenassumingtheANITAeventsare
duetoτ-leptondecay,wemustconsiderthedecaylo-
cationintheatmosphere. Theτleptondecayrangeis
L∼(Eτ/EeV)×49kmwithEτtheenergyoftheτ,mean-
ingthattheeventcouldhavedecayedtensofkmfurther
alongitstrajectoryintheatmosphereafterexitingthe
ice.

Thegeometryfordetectingtauleptonairshowersfrom
neutrinospiercingtheEarthisshowninFigure1.Ifa
tauneutrinoentersthesurfaceoftheEarth,itmaypro-
duceatauleptonthatexitsthesurfaceoftheEarth
attheotherend. Atauleptonpropagatingintothe
atmospherewilleventuallydecaywitharest-framelife-
time2.9×10−13seconds. Theτleptonwilldecayinto
ahadronicmodewithaprobabilityof64.8%[16],thus
producinganextensiveairshower.Theradioemissionof
suchashowercouldbeobservedbyareceiverataltitude
h.

InFigure2weshowasetofradioemissionprofilesfrom
airshowersinitiatedatdifferentdecayaltitudes.These
profilesweresimulatedwithZHAireS[4]usingthegeo-
magneticfieldsinTableIadaptedtotheupward-going
airshowergeometriesandbandwidthscorrespondingto
theANITAevents. Thepeakelectricfieldforeachde-
cayaltitudedefinestheminimumenergyoftheobserved
showers,shownintherightpanelsofFigure2.Changes
intheradioemissionprofileathigheraltitudesresultin
variationsintheshowerenergyestimate. Theelectric
fieldatthepeakincreaseswithτdecayaltitudeupuntil
∼5km,becausetheshowermaximummovescloserto
thedetector.Above5km,thepeakdecreaseswithalti-
tudebecausetheairshowerisnotfullydeveloped. We
estimatethatthetaushowerenergyat0kmdecayalti-
tudeaboveicelevelis0.67EeVfortheANITA-Ievent
and0.56EeVfortheANITA-IIIevent,consistentwith
priorestimatesscaledfromdownward-goingcosmic-ray
airshowers[9].However,asshowninFigure2,thelack
ofknowledgeofthetaudecayaltitudeleadstoafactor
∼2uncertaintyonthetaushowerenergy. Theshower
energyuncertaintyreportedbyANITA-Iof0.6±0.4EeV
islargerthantheuncertaintyduetodecayaltitudewhile
theANITA-IIIreporteduncertainty0.56+0.3−0.2EeVhasa
smallerlowerboundthanexpectedfromdecayaltitude
alone.Theuncertaintyintheviewanglealsocontributes
totheuncertaintyintheshowerenergy,althoughthisin
principlecanbefurtherconstrainedusingthespectral
slopeoftheradioemission[9].

Theminimumshowerenergyfortheseeventsisob-
tainedfortaudecayaltitudesabove4km.Thisaltitude
isconsistentwiththatexpectedfortypicaltaudecaysof
roughlythesameenergiesforbotheventsasindicatedby
thedashedlineinFigure2.Theconsistencyamongthe
observedelectricfields,showerenergies,andexpectedtau
decayaltitudesisnotdiscrepantwiththeupward-going
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FIG. 2: Left: The simulated peak electric field strength from ZHAireS at the ANITA payload as a function of view
angleθviewwith respect to the shower axis at theτ-lepton decay point (see Figure 1), for varying decay altitudes for
both the ANITA-I (top) and ANITA-III events (bottom). We assume the magnetic field strength, inclination angle
and event parameters from Table I, ice thicknesses of 3.0 km, and a bandwidth of 180-1200 MHz. The simulated
shower energy is 1018eV. The horizontal dashed lines mark the measured electric field strength of the events at the
ANITA payload. Right: The minimum shower energy, at a givenτ-lepton decay altitude, that results in a peak
electric field consistent with values observed by ANITA. The minimum shower energy is obtained by scaling the
peaks of the radio emission profiles shown on the left with energy. Shower energies above this minimum are shown
in the shaded blue regions. With the decay channel assumed (described in Section III B), the shower energy is
roughly equal to the energy of the tau lepton. The dashed line is the energy-decay altitude relation given by
converting the decay rangeL∼(Eτ/EeV)×49 km to altitude.

τlepton hypothesis.

III. ACCEPTANCE ESTIMATE

In this section we present the model used for our esti-
mates of the ANITA acceptance toτlepton air showers
ofντorigin. The acceptance estimate relies onτneu-
trino propagation, radio emission model, and the detec-
tor model. The goal of this work is to provide an upper
bound of the acceptance and compare it to other exper-
iments. Several approximations are taken along the way

to simplify the estimate. We make optimistic approxi-
mations while keeping them at the relevant scale. Note
that in this section we are no longer characterizing the
ANITA-I and ANITA-III events but rather providing an
estimate of the ANITA acceptance.

The acceptance to a diffuse flux AΩ is given, differ-
entially, bydAΩ =dA dΩνn̂·̂rνPobs. The differential
areadAwith normal vector ̂nis a reference region for the
passage of a flux of particles. The direction of the particle
axis of propagation is given by ̂rνwith differential solid
angledΩν. The dot product accounts for the projected
area in the direction of the particle.Pobsis the proba-
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bilitythataparticleaxisofpropagationpassingthrough
thereferenceareaelementdAwithdirectionr̂νisob-
served.Thisincludesallattenuationfactors,production
oftheobservableelectromagneticwaves,anddetection
asdiscussedbelow.

Forthe ANITAobservationgeometry,thenatural
choiceofreferenceareaisthesurfaceoftheEarthin-
cludingtheicelayer. Tosimplifytheproblem,wetake
theareaofintegrationtobethesphericalcapvisiblefrom
thedetectorataltitudehaboveicelevel(notsealevel),
theassumptionbeingthataparticleenteringthesurface
oftheEarthmustexitthesurfacevisibletothedetector
toproduceanairshowervisibleathighaltitude. This
isneglectingasmallregionbeyondthehorizonwherea
τ-leptoncouldexitanddecayaftermanykmofpropaga-
tionproducingapotentiallydetectablesignal.However,
sinceweareinterestedinrelativelyhighemergencean-
glesandlowerenergies,wheretheτdecayrangeinthe
atmosphereis 50km(giventheANITAeventsofinter-
est)wedonotincludethispossibility,althoughitcould
beaddedtofutureestimates.Theprobabilityofobser-
vationPobsincludesmultiplecomponents. Thefirstis
theprobabilitythataτleptonexitstheiceintotheat-
mosphere.Thismustalsoaccountforthedistributionof
energiesEτoftheleptonexitingtheicegiventheparent
neutrinoenergyEν,whichwedenoteaspexit(Eτ|Eν,θexit).

Theτleptonsubsequentlydecaysintheatmosphereaf-
teranexponentiallydistributeddistancesdecayleadingto
pdecay(sdecay|Eτ)=exp(−sdecay/L(Eτ))withL(Eτ)/Eτ=
49km/EeV.Thereisthepossibilitythatthedecaytakes
placepastthedetector,whichincreaseswithincreasing
energy. Theseeventsdonotcontributetothetotalac-
ceptance.

Upondecay,thedaughterparticleswillinteractwith
theatmospheretoproduceanairshower.Themostcom-
monτ-leptondecaymoderesultsinπ−π0ντwithmostof
theenergy(∼98%)goingintothepions,whichproduce
anextensiveairshower.Inthiswork,thisistheinjected
setofparticlesusedforshowersimulations.Ingeneral,
theenergygoingintoanextensiveairshowerEEASgiven
EτhasaprobabilitydensityfunctionpEAS(EEAS|Eτ).For
ourupperboundestimatewetaketheoptimisticassump-
tionthatEEAS=Eτ,whichisclosetowithinafewper-
centforthemostcommonτ-leptondecaymode. This
wouldhavetobetreatedinmoredetailforahigherfi-
delityestimate,includingtheτ-leptondecaymodesthat
producenohadrons.

Theshowerthen producesradioimpulsiveemis-
sion withpeakelectricfieldEpeak atthelocation
ofthedetector withaprobabilitydensityfunction
ppk(Epeak|EEAS,sdecay,̂rντ,xdet,xexit). Theradioim-
pulsespectrumandstrengthatthepayloaddependon
distanceandviewangleθview,whichistheanglebetween
theshoweraxisandthelinejoiningthedetectorposition
andtheτdecaypoint(seeFigure1),aswellastheatmo-
sphericdensityprofileinwhichtheairshowerdevelops.
Thisisaccountedforbykeepingtrackofthedecaypo-
sition. Thedistanceandθviewaredeterminedbythe

exitpointxexit,positionofthedetectorxdet,direction
ofpropagationr̂ντ,anddecaydistancesdecay.Forthis
acceptanceestimate,weproduceradioemissionprofiles
forarangeofdecayaltitudesandτleptonpropagation
directions(emergenceangles).Theseareparameterized
(SectionIII.B)foruseina MonteCarloevaluationof
theacceptance.Finally,theprobabilitythatthedetec-
tortriggersptrig(Epeak)dependsonthepeakelectricfield
andbeampatternoftheantennas. Theacceptanceof
tauneutrinos,includingallthestepsdescribedabove,is
givenbythenestedintegral

AΩντ(Eντ)=R
2
E dΩE dΩντ r̂ντ ·̂nE

dEτpexit(Eτ|Eντ,θexit)

dsdecaypdecay(sdecay|Eτ)

dEEASpEAS(EEAS|Eτ)

dEpeakppk(Epeak|EEAS,sdecay,̂rντ,xdet,xexit)

ptrig(Epeak)
(1)

Thesurfaceintegralisperformedoverthesurface
ofasphericalEarth modelwithpolarradius,RE =
6,356.7523kmanddifferentialsolidangle,dΩE,withpo-
larcoordinatesθE,φE(seeFigure1).Thenormalvector
totheEarth’ssurfaceatthetauleptonexitpointisn̂E.
Thesolidangleintegrationabouttheneutrinodirections
isdΩντ,inpolarcoordinatesdefinedlocallyattheexit
point,withθνreferencedton̂Eandφνreferencedtothe
directiontothepayload.
Inthefollowingsubsections,weprovidedetailsoftheτ
neutrinoandleptonpropagation,radioemissionmodel,
anddetectormodel,includingdiscussionoftheapproxi-
mationsusedfortheupperboundestimateoftheaccep-
tance.

A. τneutrinoandleptonpropagation

Fortheevaluationofpexit(Eτ|Eντ,θexit)weusethepub-
liclyavailablepropagationcode[15].Thiscodeallowsthe
usertospecifydifferenticethicknesses,StandardModel
neutrino-nucleoncrosssections,andτ-leptonenergyloss
models. Weincludecalculationsusingdifferentpossibil-
itiesfortheseeffectsintheresultsofthispaper.
Theτexitprobabilities,marginalizedovertheexiting
τleptonenergy,aregivenby:

Pexit(Eντ,θexit)= dEτpexit(Eτ|Eντ,θexit) (2)

Theseprobabilitieshavebeencharacterizedindetail
in[15]wheretheEτdistributionsareprovidedaswell.
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The main results presented in [15] relevant to this
study are listed as follows. The effect ofντ regener-
ation, where a neutrino interacts in the Earth via a
charged-current interaction producing aτlepton that
subsequently decays into a lower energyντis important
at emergence angles>3◦. Not including it severely un-
derestimates the sensitivity toντfor observatories at high
altitudes, such as ANITA. The presence of a layer of ice
>1 km thick results in an increasedPexitcompared to
bare rock only forντenergies above 3×10

18eV. Below
this energy, the presence of an ice or water layer reduces
Pexitdue to the low probability of a neutrino interaction
compared to the reducedτ-lepton decay range. Finally,
it was also found that for emergence angles 5◦,the
Earth acts as a filter reducing the high energyτ-lepton
flux. This is the regime where regeneration dominates
the outgoing flux ofτleptons.

B. Radio emission model

We model the radio emission from a particle cascade
initiated by the decay of an ultra-high-energyτlepton
using the ZHAIREScode[4]. Thiscodeimplementsthe
ZHS algorithm [17, 18], which calculates the total radio
signal by summing the emission from each single par-
ticle track obtained from the AIRES [4] simulation for
atmospheric particle cascades. To initialize the particle
shower, we feed into AIRES the products of aτ-lepton
decay, obtained from TAUOLA [16] simulations of tau
decays at several energies. The energy of the products of
a specific decay can be scaled to obtain a specificτen-
ergy or shower energy. These decay products are injected
into the atmosphere at the desired decay altitude. By
propagating these decay products, ZHAireS creates the
atmospheric shower and calculates the radio emission.
In the radio simulations shown in this work we used

a single TAUOLA simulated decay at 1017eV, with the
most common (25%)τ-lepton decay mode (π−π0ντ). In
this simulation, the three decay products take 67%, 31%,
and 2% of the originalτ-lepton energy, respectively.
For this study we developed a special version of the
ZHAireS code, capable of correctly handling time cal-
culations for up-going showers starting anywhere in the
atmosphere. This makes it possible to freely choose the
location of the decay as well as the direction of propaga-
tion for theτdecay products.
For the acceptance estimate portion of this study, we

simulated showers with a magnetic field of 60μT. In each
case, the magnetic field vector is oriented perpendicular
to the direction of the shower. The electric field is filtered
in the 180-1200 MHz band to match the trigger band of
ANITA-III. This produces the largest possible emission
for our upper bound estimate. In Figure 3, we show sim-
ulated peak electric fields, filtered in the 180-1200 MHz
band, as a function of view angle (θview) with respect to
theτlepton decay point forEτ=10

17eV and for various
decay altitudes and emergence angles.

FIG. 3: The peak electric field resulting from 1017eV
τ-lepton decay as a function of view angleθviewwith
respect to the shower axis at theτ-lepton decay point
(see Figure 1 for geometry). Top panels: Electric field
profiles are shown forτdecay altitudes from 0 km (ice
level) to 9 km and emergence angles from 1◦to 40◦.
The observation point is at 37 km altitude. Note that
the emergence angle is measured relative to ice level
while the view angle is measured relative to a shower at
the decay point. Bottom panels: the peak value of the
profiles as a function of emergence angle. See text for
explanation.

Different stages of the shower contribute with varying
levels of coherence to the total electric field depending on
distance to observer, number of particles, and emission
angle. As the shower develops the angle of the line of
sight to the observation point changes introducing time
delays which can result in constructive or destructive in-
terference between different stages in the longitudinal de-
velopment of the shower. Also, as the detector moves
away from the shower axis, the distance to the emis-
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sion region changes resulting in additional time delays
[5]. The net result is a ring-like radio emission pattern as
shown in the top panel of Figure 3 with a maximum at
a certain viewing angleθmaxviewrelative to the shower axis
as seen from theτ-decay point.
Forτ-lepton decays at low altitudes, the induced show-

ers reachXmax before ANITA andθ
max
viewroughly corre-

sponds to viewing an extended region aroundXmax at
angles close to the Cherenkov angle where the coherence
is maximal [5]. Forτ-lepton decays at high altitudes
Xmax is reached past ANITA. For instance at a decay
altitude∼6 km above the ice, a 30◦shower of energy
0.5 EeV reaches on average its maximum size around
the detector position. In this case there is a competi-
tion between an increase in electric field due to the re-
duced distance between the shower and the observer,and
a decrease in signal strength due to the shower evolving
in a thinner atmosphere and not fully developing before
reaching ANITA with only a small fraction of the early
shower development contributing to the coherent pulse.
This results in weaker signals despite the shower being
closer to the detector. Also the beam narrows because of
geometric projection effects due to the Cherenkov emis-
sion conical beam pattern produced along shower devel-
opment starting closer to ANITA. The beam narrows fur-
ther due to the refractivity scaling (to first order) with
the atmospheric density and hence the Cherenkov angle
decreasing with altitude. These trends can be clearly
observed in Figure 4, where we show the radio emission
profiles at fixed emergence angle of 30◦for various decay
altitudes.

FIG. 4: The peak electric field vs.θviewfrom ZHAireS
simulations of a 1017eVτlepton decay at emergence
angle 30◦and for decay altitudes from 0 km to 9 km
(dots) compared with the parameterized fits (lines)
described in Eqs. (3) and (4).

Since the full radio simulation of EAS is computation-
ally intensive, we parameterize the behavior at discrete
values of shower parameters. For a given shower in the
acceptance estimate, we use the parameterization associ-

ated with the decay altitude and emergence angle nearest
to the shower geometric variables and scale the electric
field amplitude linearly with EAS energy.
For eachτ-decay altitude and emergence angle, we pa-

rameterize the radio emission beam pattern in the 180-
1200 MHz band for the Monte Carlo estimate of the ac-
ceptance. The functional form of the fits is given by
the combination of a Gaussian and Lorentzian centered
on the peakθview along with a Gaussian centered at
θview=0

◦. Theshapeisgivenby

(θview)=E0 fexp −
(θview−θpk)

2

2σ2view
+

(1−f) 1+
θview−θpk
σview

2 −1
⎤

⎦+

E1exp −
θ2view
2Σ2view

(3)

and the electric field is

Epeak(Eτ,r,θview)=
Eτ

1017eV

r

r0

−1

(θview) (4)

wherer0is the distance from ANITA to theτlepton de-
cay point. Note thatr0is not a free parameter of the fit
but rather it just varies depending on the chosen decay
altitude and emergence angle. The parameterization is
done for emergence angles of 1◦,3◦,and5◦−40◦in 5◦de-
gree steps as well as decay altitudes in the range 0-9 km
in 1 km steps. As an example, the best fit parameters
for an emergence angle of 30◦and decay altitude of 0 km
areE0=0.151 mV/m,θpk=0.873

◦,σview=0.161
◦,

f=0.745,E1 =1.549μV/m, Σview =0.176
◦. The

parameterization of the peak electric field as a function
of view angle for variousτ-lepton decay altitudes, along
with the simulated points, are shown in Figure 4. We
have verified that the simulation correctly reproduces the
tails of the emission beam pattern to within 4%.

C. Detection model

The calculation of the probability of detection must
account for the position of the tau decay in the atmo-
sphere (pdecayin Equation 1), the production of the ex-
tensive air shower (pEAS), its radio emission (ppk), and
the detector trigger (ptrig). The shower initiation point
sdecaywith respect to the exit point along the neutrino
axis of propagation is sampled with an exponential dis-
tributionpdecay(sdecay)=exp(−sdecay/L)whereLis the
τ-lepton decay range. The probability that the shower
is hadronicPhadron =64.8% is taken into account in
pEAS. The energyEEAS is 98% ofEτbased on the de-
cay mode assumed (see Section 3.2) and we assume all
the energy of theτlepton goes into producing an ex-
tensive air shower, so that the integral inEEAS can be
omitted settingEEAS=Eτ.
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TheANITA-Itriggermodelisfullydescribedin[19].
Eachantennaconsistsoftwolinearlypolarizedchannels.
Thesignalsarecombinedintotwocircularpolarizations
andsplitintofoursub-bandsperpolarization. Foran
antennatotrigger,threeofeightsub-bands mustbe
abovethreshold. Theexponentiallyfallingspectrumof
extensiveairshowerradioemissionatfrequenciesabove
300MHzmeansthatwhilelowerfrequencyANITAsub-
bands mayexceedthethermalthresholds,thehigher
frequencysub-bandmaynot. Overall,thisresultsina
higherthresholdoverthefullband.
TheANITA-IIIinstrumentwasupdatedtoinclude

afull-bandimpulsivetrigger,additionalantennas,and
lowernoiseamplifiers. However,persistentcontinuous
waveradio-frequencyinterferencefromsatellitesinthe
Northweremaskedoutfromconsiderationinthetrigger
(afeaturecalledphi-masking),resultinginadecreased
exposure. DetailsoftheANITA-IIItriggerandperfor-
manceareavailablein[20,21].
Forthisstudyweapplyasimplified modelofthe

ANITAtrigger.Givenatime-domainelectricfieldpeak
Epeak,weapproximatethepeakvoltageVpeakatthede-
tectorusing

Vpeak=Epeak
c

fc

RL
Z0

D

4π
, (5)

whereRL=50ΩistheloadimpedanceoftheANITA
receiver,Z0=377Ωistheimpedanceoffreespace,and
D=10dBiisthepeakdirectivityoftheANITAhorn
antennas. Weassumeacentralfrequency,fc,of300MHz
fortheconversion.
Weestimatethedetectorthresholdbasedontheweak-

esteventinthepopulationofcosmic-rayairshowersde-
tectedinANITA-I(reportedin[22])andANITA-III.The
smallestpeakelectricfieldinANITA-I(ANITA-III)re-
portedwasEpeak=446(284)µV/m.Thiscorresponds
toathresholdvoltageofVpeak=143(91)µV.Theim-
provementstotheANITA-IIIinstrumentresultinafac-
torof∼2decreaseintheestimatedtriggerthresholdcom-
paredtoANITA-I.Thetriggerisapproximatedbytaking
ptrigtobeunityiftheelectricfieldisabovethisthreshold
andzeroifitisbelow.

D. MonteCarlosimulations

TheacceptanceinEquation1isevaluatedviaMonte
Carlointegration.Thetotalregionofintegrationisgiven
bythedetectorhorizon,characterizedbycosθE,horz=
(1+h/RE)

−1(seeSection3andFigure1).Themaximal
aperturefortheregionofintegrationisgivenby[23]

A0 2π2
REh

1+h/RE
. (6)

Giventhegeometryofthedetector,inthesimula-
tionwesamplethesetofparameters{θE,θντ,φντ,Eτ,
sdecay}. Thelocationoftheexitpointoftheparticle

onthesurfaceoftheEarthisobtainedfromsampling
thepolaranglewithrespecttothepositionofthede-
tector(θE)fromacosinedistributionintheinterval
[(1+h/RE)

−1,1],accordingtotheintegralinEq.(1).
SincetheintegrandinEq.(1)isazimuthallysymmetric
aroundtheaxisofthedetector,φEneednotbesampled.
Theparticletrajectoryvectorr̂ντ isobtainedfromsam-
plingitspolarcoordinateparametersθντ andφντ. Due
tothedotproductofr̂ντ ·̂nEinEq.(1),theangleθντ is
sampledaccordingtoacosine-squareddistributioninthe
interval[0,1],sinceweconsideronlyexitingtrajectories
inthefieldofviewofthedetector.Theazimuthalangle
φντ isuniformlysampledintheinterval[0,2π].Theexit
angleθexitisobtainedfromθE andr̂ντ. Theτlepton
energyEτissampledfromadistributionobtainedwith
aseparatetauneutrinopropagationsimulation(seeSec-
tionIIIA)forthecorrespondingexitangle. Thedecay
distanceintheatmosphereisobtainedfromsampling
sdecayfromtheprobabilitydistributionpdecay(sdecay|Eτ).
AsmentionedinthebeginningofSection3,weassume
EEAS=Eτandpropagatethecorrespondingelectricfield
tothelocationofthedetector.Theprobabilitythatan
eventisdetectedpdet(Eτ,k,̂rντ,k,θE,k)includesthesam-
plingofpdecay,pEAS,ppkandptrig.Inthissimulation
ptrigis1iftheeventisabovethresholdand0ifitis
below.Thenumericalestimateoftheacceptanceis

AΩντ(Eντ)=
A0
N

N

k=1

Pexit(Eντ,θexit,k)

×pdet(Eτ,k,̂rντ,k,θE,k),

(7)

wheretheindex klabelseachoftheN simulated
events. The marginalizedτ-leptonexitprobability
Pexit(Eντ,θexit),definedin Eq.(2),accountsforthe
factthatwesampledanexitingtauleptonprobabil-
itywithenergyEτincludingthetauneutrinosthatdo
notresultinatauleptonexitingthesurfaceoftheEarth.

IV. RESULTS

A. Upperboundonexposure

TheresultingupperboundsontheANITAacceptance
andexposuretoτ-leptonairshowersofντoriginare
showninFigure5(labeledAirShower).Lossofsensi-
tivityduetotheeffectsofphi-maskinganddeadtimeare
includedintheexposureestimates,butnotintheaccep-
tanceestimate.Theτ-leptonairshoweracceptanceup-
perboundcurveontheleftpanelofFigure5isobtained
fromsimulationsusingtheANITA-Ithresholdandthe
ANITA-IIIthresholdandtakingthearithmetic mean.
AtenergiesEντ >3×10

18eVthisupperboundesti-
mateiscomparabletotheντacceptancesofIceCubeand
Auger. WithdecreasingenergyEντ <3×10

18eV,the
ANITAacceptancefallsoffquicklymakingANITAorders
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FIG. 5: Monte Carlo-derived upper bound estimates of the ANITA acceptance and exposure to tau neutrinos. Left:
The mean acceptance of ANITA-I and ANITA-III toτ-lepton air showers ofντorigin (blue solid line) assuming
standard values of cross section and energy loss models and 2.0 km ice thickness. These are compared to Auger
(dashed grey line), IceCube (dot-dashed darker grey line), and the ANITA Askaryan search for in-ice showers from
ντ’s (red dashed line). Right: Upper bounds on the ANITA exposure (blue solid line). The blue-shaded band
includes the range of variations due to assumptions on the ice thickness (1-4 km), neutrino cross section, andτ
energy loss models. The minimum exposure (dashed blue line) assumes a high cross section, ALLM [25] energy loss
model, and 1 km ice thickness, while the maximum exposure (dot-dashed blue) assumes a low cross section,
ASW [26] energy loss model, and 4 km ice thickness. The exposure to standard values for the cross section and
energy loss model (ALLM) and the average ice thickness of 2 km is shown with a solid blue line. For comparison, we
include the ANITA Askaryan exposure toντ’s (red dashed line) [20], Auger 2017 (dashed grey) exposure to
Earth-skimming tau neutrinos [13], and IceCube 2016 (dot-dashed darker grey) exposure to tau neutrinos [14]. Note
that the solid blue line is the only fair comparison for the standard neutrino cross section and energy loss models;
otherwise the Auger, IceCube, and ANITA Askaryan exposure curves would also have to be modified.

of magnitude less sensitive. The average ANITA accep-
tance curve forντinteracting in the ice sheet and pro-
ducing a coherent radio impulse exiting the ice (labeled
Askaryan) is also shown for comparison [20]. At energies
Eντ >10

19eV the acceptance of the Askaryan channel is
significantly larger but decreases more steeply with de-
creasing neutrino energy than the air shower channel.
The curves on the right panel of Figure 5 show that the

ANITAτ-lepton air shower channel forντhas a substan-
tially lower exposure compared to IceCube and Auger.
This is primarily due to the fact that IceCube and Auger
have run continuously for many (∼10) years. The blue
band for the ANITAτ-lepton air shower channel brackets
the range of curves obtained from ice shell thicknesses be-
tween 1 and 4 km as well as the range ofντcross sections
andτenergy loss models considered in this work (see
[15] for more details). The ANITAτ-lepton air shower
exposure is at least a factor of 40 smaller than Auger or
IceCube at high energies and more than four orders of

magnitude smaller at relevant energies∼3×1017eV.
In Figure 6, we show the dependence of the exposure of
the ANITAτ-lepton air shower channel on neutrino in-
teraction cross section,τ-lepton energy-loss models, and
ice thickness. In the left panel, we show that the up-
per and lower uncertainties on the cross section in [24]
have a small effect on the exposure at neutrino energies
<1020eV. At energiesEντ 1021eV, the exposure varies
by∼70%. As discussed in [15], increasing (decreasing)
the cross-section increases (decreases)pexitfor emergence
angles below the value corresponding to the trajectory
being tangential to rock beneath the ice layer while for
emergence angles above this valuepexitdecreases (in-
creases). The standard (mid.) value of the cross-section
happens to maximize the probability of detection inte-
grated over all emergence angles atEντ 1021eV.
In the middle panel of Figure 6 we compare the ex-
posures obtained with the ALLM [25] and ASW [26]τ
energy loss models. The ASW model, with a lowerτ-
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FIG. 6: The upper bounds of the ANITA exposure to upward-going tau neutrino-induced air showers assuming
(left) variations on the cross section for 4-km thick ice and the ALLM energy loss model, (middle) variations on the
energy loss model for 4-km thick ice and the mid-range cross section, and (right) variations on the ice thickness for
the mid-range cross section and ALLM energy loss model.

lepton energy loss, results in a larger acceptance. This
is the largest contribution to the uncertainty within the
Standard Model which is of order a factor of∼2for
Eντ 1019eV. A reduced energy loss increases theτ
decay range (energy loss and decay combined), thus en-
abling a larger interaction volume near the surface of the
Earth to contribute to exitingτleptons [15].
Finally, in the right panel of Figure 6 we display the

dependence of the exposure on the thickness of the ice
above sea level. As the ice thickness increases from 1 km
to 2 km in addition to the Earth’s radius, the exposure
increases by a factor of∼2 for energies above 5×1018eV.
Since thicker ice increases the altitude above sea level
that the tau emerges into, increasing the ice thickness
above 2 km does not further increase the exposure. This
is due to the competing effects of an increasedPexitwith
thicker ice [15] versus a weaker air shower electric field
strength due to the thinner atmosphere at higher altitude
above sea level. For neutrino energies below 1019eV, the
difference between a 1 km and 4 km ice shell is small
while at higher energies the effect increases but remains
smaller than a factor of two.

B. Differential acceptance vs. emergence angle

To further compare the simulations to the observed
events, in Figure 7 we show ANITA’s differential accep-
tance to an isotropic tau neutrino flux as a function of
emergence angle. The most optimistic case of an ASW
energy loss model and the lowest Standard Model cross
section (dashed lines) results in a broader differential ac-
ceptance that extends to wider emergence angles when
compared with the results from a mid-range Standard

Model cross section and ALLM energy loss model (solid
lines). The lower trigger threshold of ANITA-III in-
creases the differential acceptance at all energies to higher
emergence angles when compared to ANITA-I. At the
lowest energies (≤1018eV), the lower trigger threshold
increases the total acceptance by factors of 5-10 and shifts
the peak in the differential acceptance to lower emergence
angles.
The emergence angles for the ANITA-I and ANITA-III
events, shown in Figure 7 as a vertical line, are in the tails
of the estimated differential acceptance for both ANITA-I
and ANITA-III. At neutrino energies≥1018eV, the dif-
ferential acceptance is∼5 (ANITA-I) and∼6 (ANITA-
III) orders of magnitude higher at emergence angles be-
tween 2◦−5◦than at 25◦or larger (where the ANITA
events lie). This means that if the observed events were
due to an isotropic flux, the neutrino energy has to be
<1018eV. Otherwise, more events would be expected at
low emergence angles.
For aντenergy of∼10

17.5eV, the ANITA-I event
is∼100 times more likely to emerge at∼10◦compared
to the observed emergence angle of 25.4◦. For ANITA-
III, the differential acceptance at 1017.5eV is a factor
of>1000 higher at 10◦than at the observed emergence
angle of 34.6◦.
For the hypothesis of a Standard Modelτ-lepton of
ντorigin of ANITA anomalous events to be consistent
with the data, substantially more events would be ex-
pected at low emergence angles. Further suppression of
the cross section, beyond the Standard Model (see for
example [27–29]), would further shift the peak of the dis-
tribution to larger emergence angles. This will be the
subject of a future study. It is worth noting that the
upper bound approach taken here tends to overestimate
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theacceptanceandincreasingthefidelityofthedetec-
tormodelwillreducethesensitivity,particularlyatthe
highemergenceangleswheretheANITAantennabeam
patterntendstolosegain.

V. DISCUSSION &CONCLUSIONS

Inthisstudywehaveplacedanupperboundonthe
ANITA-IandANITA-IIIexposuretoτ-leptonairshow-
ersofντoriginandcomparedittoIceCube,Auger,and
theANITAin-iceshowerchannel. TheZHAireSsimu-
lationcodewasadaptedtoproduceupgoingairshowers
fromτleptondecaysintheatmosphere,whichenableda
MonteCarloupperboundestimateoftheexposure.The
code,whichcouldbeusedforotherτ-leptondetector
simulationssuchas[30,31],isavailableuponrequestto
theauthors.Thepossibleradioemissionprofilesforthe
specificANITA-IandANITA-IIIeventshavebeenpre-
sentedandalowerlimitontheenergyoftheairshowers
areestimatedinbothcasestobeabove2.5×1017eV.
Themainconclusionisthattheobservationofτ-lepton
eventsfromadiffuseneutrinofluxbytheANITAflights
isinconsistentwiththelimitsplacedbyIceCubeand
AugerwithStandard Modelparametersbyseveralor-
dersofmagnitude. AlthoughtheacceptanceofANITA
issmallerthanbutcomparabletoIceCubeandAuger,
thesignificantlyhigherdutycycleoftheseobservatories
makestheirexposuremorethantwoordersofmagnitude
higherthanANITAatneutrinoenergiesabove1019eV
andsignificantlymoreatenergiesbelowthat.Thecon-
straintsincludeacharacterizationofthedependenceon
icethickness,neutrino-nucleoncrosssectionuncertain-
ties,andτ-leptonenergylossmodels,allwithintheStan-
dard Model. Althoughtheseeffectscanmodifytheex-
posureupperboundsbyafactorof2to5,dependingon
theenergy,itisnotenoughtoaddressthestrongtension
withtheIceCubeandAugerντfluxbounds.
Theντcrosssectionandtheτ-leptonenergylossmod-
elsusedinthisstudyarebynomeansexhaustive.Sig-
nificantdependenceofthesemodelsontheexposurehas
beenshown.Itispossiblethatwithmoreaggressivesup-
pressionofthecrosssectioncomparedtotheStandard
ModelthediscrepancywithIceCubeandAugermightbe
reduced. However,forsuchastudytobeconclusive,it
wouldrequireestimatesoftheIceCubeandAugerexpo-
surewiththesamemodifiedinteractionmodelsforfair

comparison.
DespiteANITA’sexposureinthisντairshowerchan-
nelbeingsmallerthanIceCubeandAuger,theaccep-
tanceiscomparabletothoseobservatoriesatenergies
>1018eV.ThisisindicativethatANITAmaybehighly
sensitivetopointsourcefluxesandtransients.Thiswill
beexploredindetailinafollow-uppaper.
TheStandardModelτ-leptonofadiffuseντfluxorigin
hypothesisisnotselfconsistentwithinANITAobserva-
tions.Theexpectedemergenceanglefromthismodelis
significantlysmallerthantheobservedemergenceangles.
Itispossiblethatthisdiscrepancycouldbereducedbya
moreaggressivesuppressionoftheneutrino-nucleoncross
section,ashasbeensuggestedinsomebeyondStandard
Modelscenarios[27–29]. Theeffectwillreducethe τ-
leptonexitprobabilityatloweremergenceanglesinfavor
ofhigheremergenceangles.Otherpossibilitiesthatcould
resolvethisdiscrepancyincludesterileneutrinos[32],the
decayinEarthofaquasi-stabledarkmatterparticle[33],
andsupersymmetricsphalerontransitions[34].Thiswill
betreatedinafuturestudy.
ANITA-IVhadalongerflightthan ANITA-Iand
ANITA-IIIandtheanalysisofitsdataiscurrentlyun-
derway.Thecontinueddetectionofradioimpulsescon-
sistentwithup-goingairshowerswillmotivatemorede-
tailedstudiesoftheoriginoftheseevents.
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Ferńandez, H.Schoorlemmer,andE.Zas, Astropart.
Phys.66,31-38(2015).

[8]K.Belovetal.,[TheT-510Collaboration],Phys.Rev.
Lett.116,141103(2016).



12

FIG. 7: ANITA-I (left) and ANITA-III (right) differential acceptance vs. emergence angle for 4 km ice thickness for
various energies. The mid-range Standard Model cross section with the ALLM energy loss model are shown as solid
lines and the low-range Standard Model cross section with ASW energy loss model are shown as dashed lines. The
reconstructed emergence angles for the ANITA events and their uncertainties projected to the ice are shown in the
vertical band with a line.

[9] H. Schoorlemmeret al.[ANITA Collaboration], As-
tropart. Phys.86, 32-43 (2016).

[10] The Pierre Auger Collaboration, Proceedings of the 33rd
International Cosmic Ray Conference, Rio de Janeiro,
2013, arXiv:1307.5059

[11] T. Abu-Zayyadet al.[Telescope Array Collaboration],
Astropart. Phys.61, 93101 (2015).

[12] A. Aabet al., [The Pierre Auger Collaboration], Phys.
Rev. D91, 092008 (2015).

[13] E. Zas for the Pierre Auger Collaboration in Proceed-
ings of the 35thInternational Cosmic Ray Conference,
PoS(ICRC2017)972.

[14] M. G. Aartsenet al., Phys. Rev. Lett117, 241101 (2016).
[15] J. Alvarez-Mũniz, W. R. Carvalho Jr., K. Payet, A.

Romero-Wolf, H. Schoorlemmer, and E. Zas, Phys. Rev.
D97, 023021 (2018).

[16] S. Jadachet al., Comput. Phys. Commun.76, 361 (1993).
[17] E. Zas, F. Halzen, and T. S. Stanev, Phys. Rev. D,45,

362 (1992).
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