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Abstract. Tau neutrinodetectionin IceCubewould be strong evidencefor the presenceof
cosmologically-producedeutrinos. In additionto the well-known OdoublebangGsignature,
we describeherefive additionalchannelghatwe believewill not only extendthe energyrange
over which IceCubecan be sensitiveto tau neutrinos,but also provide useful control over
systematic uncertainties via self-consistency checks amongst all detection channels.

1. Introduction

In the searchfor ultrahigh energyneutrinosof cosmologicalorigin, few piecesof evidencewould be
more convincingthana cleanlyidentified high energytau neutrino. Tau neutrinosarenot producedn
standardcosmic-rayatmospheridnteractionsthat createelectronand muon neutrinos,and they are
expectedatimmeasurablysmall levelsin the promptneutrinoflux createdn charmparticledecaysn
cosmic-rayinteractionsat high energieqd1]. Furthermoreat the energyand distancescalesrelevant
for IceCubedetectionof atmospherimeutrinos,oscillationsof v, andv, into v, will be very limited
andwill notresultin large numbersof v.Osat the detector. After ruling out all thesepossiblehigh
energyv, sourcesthe only oneleft is a cosmologicakourcethat producesv, andv, thatoscillateover
large travel distances to produce a measurable numbgdeft the detector.

The standardJHE neutrinoproductionmechanisiris chargedpion (andkaon)decay. Pion decay
makesa neutrinobeamwith a flavor ratio of v v, :v,::1:2:0. It is expectedhat neutrinooscillations
will resultin a 1:1:1 flavor ratio at the detector,and large deviationsfrom this ratio would be an
indication of new or unexpectedohysics, either in the production mechanismat the source,the
propagationof the neutrinosover cosmologicaldistancespr in the neutrinooscillation mechanism
itself [2]. Likewise, excessiver,Osat atmospherimeutrinoenergiesmight alsobe anindicatorof new
physics,but IceCubewill havelimited ability to exclusivelyidentify v.Osat theselower energyscales,
wherea cascaddrom a v, will be very difficult to distinguishfrom a cascaddrom a charged-current
Ve, @ Neutral-current any-flavor neutrino, or a low energy charged-cwyrerteraction.

2. Tau Neutrino Signatures in IceCube

By virtue of the tau lepton'slong decaylength at ultrahigh energiesand its wide variety of decay
modes,a tau producedin a charged-current, interactionhasa rich setof possiblesignaturedn the
IceCubedetector. The tau decaylengthis about50 m per PeV, so a tau with E, up to about20 PeV
canbefully containedn the detectorvolume. More generally the tau productionvertex,decayvertex
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or bothmay be observablén a singleevent. Thetau candecayleptonically,t _ evgv, (branchingratio
= ~18%)or T _uv,v, (~18%),or hadronically,mainly to chargedandneutralpionsandkaons(~64%).
Notethatsincethe averagecharged-current, interactionproducesa tauwith 0.75E,, we will assume
E, = E. and refer to either as just OEO for the sake of simplicity.

The following subsectionsand Figure 1, list six tau neutrinosignaturego which IceCubemay be
sensitive. For eachsignaturewe also describethe chief expectedbackgroundsenergyrangeover
which IceCubewill havesensitivity, relevanttau branchingratio, rough IceCubeangularacceptance,
andenergyandpointing resolutionrelativeto thatof standardv, andv, events.In orderto assurethat
we candistinguisha tautrack from oneor both of its cascadespr from a muontrack, we requireatau
tracklengthof atleast200m in the detector. However,energetiddownward-goingauswill encounter
a higher numberof DOMs (Digital Optical Modules) [3] per unit track length, decreasingthe
minimum requiredtrack lengthandhencethe energythreshold. Likewise, sometauswill simply live
longer, also lowering the energythresholdsomewhat. Detailed Monte Carlo studiesof IceCube
sensitivity versus track length will change our simplistically sharp 200 m cutoff.

2.1. Double Bang: Theclassicv, signatureis the OdoubldoangOn which the initial charged-current
interactioncreatesa hadronicshowerand a tau lepton [4]. The tau lepton hassufficient energyto
travel a long enoughdistancein the detectorsuchthatwhenit decays(t _ evev, or t _ hadronsv,,
total BR = ~82%)),it producesa second separatelyisible shower. Thetauleptonconnectinghe two
showerswill alsoemit CherenkoVight. Dependingon the length of the tau track, and the extentto
which the two showersare contained,lceCubecan get the bestof both worlds whenreconstructing
suchanevent:the pointing resolutioncanbe comparabléo thatof v,, andthe energyresolutionto that
of v.. IceCubeshouldhaveslightly morethan?2r sr acceptancén this channel,sinceupward-going
v.Osare either absorbedor degradedin energyby passagehrough the earth. There should be
negligible background,althoughin principle downward-goingsignal eventscould be faked by
coincidentmuonsfrom cosmic-rayair showers. The fake rateis probablytoo smallto be a concern,
but Monte Carlo studiesare neededo verify this. The requirementghat the two showersare well-
separated (more than ~100m apart) and contained giverergy acceptance range of E ~ 2-20 PeV.

2.2. Lollipop: If the tau leptonis createdsufficiently far from the fiducial volume that the initial
hadronicshoweris not visible by the detector,andthe tau thenentersthe fiducial volumeanddecays
to producea shower(total BR = ~82%), the eventsignatureresembles lollipop: a track endingin a
shower. The pointing resolutionof lollipop eventsshouldbe comparableto that of v,, while the
energyresolutionwill be betterbut not as good as for v, on accountof the missedinitial shower.
Requiringthatthe tau haveat least200 m of lengthin the fiducial volume givesan energyacceptance
rangeof E > ~5 PeV. At this energyscalewe arerestrictedto ~2r sr acceptancsinceupward-going
neutrinosare eitherabsorbedr degradedn energyby passageahroughthe earth. This channelmay
be sensitiveto backgroundfrom coincident muons from cosmic-rayair showers. Again, this
background rate would need to be estimated from Monte Carlo.

2.3. Inverted Lollipop: If the tauleptonis insteadcreatednsidethe fiducial volumeandthendecays
undetectablyoutsidethe volume, the signaturealsoresembles lollipop, but createdin inverseorder
(showerfirst, track second). While thereis no branchingratio factor hereN100% of the v, that
experiencea charged-curreninteractionin the detectorvolume will producea tau in the detector
volumeNand while the pointing and energyresolutionsare comparableto that of the non-inverted
lollipop, the inverted lollipop is susceptibleto an irreducible backgroundfrom v, charged-current
events. (A v, canhavea charged-curreninteractionin the fiducial volume, creatinga showeranda
muon,the combinationof which will be very hardto distinguishon an event-by-evenbasisfrom v,
invertedlollipops. Of coursethe eventitself is still of interest,especiallyif its energyis high enough
to makeit a candidatgor beingof cosmologicalorigin, but herewe areconcernednainly with events



that we can convincingly identify as coming from a v..) This channelis also susceptibleto
backgroundrom cosmic-raymuonsaccompaniedy a bremsstrahlungnteraction,a backgroundhat
may be studied(but not eliminated)using an IceTop-taggednuon beamin the data. As with the
lollipop signature requiringthat the tau haveat least200 m of lengthin the fiducial volume givesa
energyacceptanceangeof E> ~5 PeV. As in the doublebangand lollipop channelsabove,this
energy scale also restricts this channel to st2acceptance.

2.4. Sugardaddy: If atauis createdwell outsidethe fiducial volume,then entersit anddecaysto a

muonratherthana showerinside the volume (BR = ~18%), it createsa uniquesignaturewhich may

be detectable.As describedn Ref. 5, the muchheaviertauwill emit significantly lesslight alongits

lengthcomparedo its lighter daughtemuon. This canbeidealizedasa step-functionchangein track

brightness. For energiesbetweenroughly 1 PeV and1 EeV, the magnitudeof the changeis expected
to be largerthanthetrack energyresolutionof IceCubeandhenceit shouldbe detectable. Thereis no

backgroundasidefrom the very unlikely high energymuonthat by randomchancehassignificantly

more stochastidight-producinginteractionsat later times relative to earliertimes alongits length?

The energyresolutionshouldbe comparabléo thatof a standardv, event. Requiringat least200 m of

tau track in the fiducial volume sets the energy scale for these eventbaP&yV.

2.5. Double Pulse: At energiesbelow the scaleat which the two showersof a doublebangcanbe
resolvedastwo separateascadesy the full detectorthereis anenergyrangein which oneor more
DOMs nearthe two closely-spaceghowerswill seea double-peakedtructurein its waveform. The
lower end of the energyacceptanceangefor this signatureis definedby the ability of a DOM to
resolvetwo waveforms. We assumeherethatthe two waveformsneedto be separatedh time by ~20
ns, from which we infer a lower energyof ~100 TeV, correspondingo roughly a 5 m tau decay
length. Assumingthe popularE? spectralshapeof the neutrinosignalflux, this order-of-magnitude
improvementin energysensitivity relative to the standarddouble bang signaturemay be a great
benefit,evenafter taking into accountthe phasespacefactor reductionin acceptancelueto the need
for favorablespacingand orientationof the two showersrelativeto the DOM(s). Note thattherewill
be slivers of phasespacewhere the tau direction is highly favorable for creatingresolvable
waveforms possiblydecreasinghe lower end of the energyacceptanceangeby an additionalfactor
of 2-3. Monte Carlo studiesare underwayto map out this phasespacein energyandtau orientation.
The chief backgroundo this signalwould comefrom two successivdbremsstrahlungnteractionsin a
downward-goingcosmic-raymuon event. Presumablythis backgroundcan be addressedimply by
removingeventswith track-like topologiesandrequiringthat all eventsare well containedwithin the
fiducial volume.

2.6. Tautsie Pop: When a tau is at suchlow energythat its productionand decayverticesare
indistinguishablén IceCube the decayt _ wv,v, will producea inverted-lollipop-likesignaturein the
detectorandmay give us accesgo very low tau neutrinoenergies. The additionaltwo neutrinosin the
tau decayarethe key differencebetweerthis signalandits backgroundgrom, for example,charged-
currentv, interactions. Theseneutrinoswill carry away energy,causingthe ratio Egyoe/Eyack t0 be
largerby a factor of 2-3 in tau eventsthanin backgroundevents. Due to event-to-eventariationsin
E.onelErack @and dueto the relatively small ratio differencefactor, this analysiswould haveto be done
on a statisticalbasis. Althoughthis channelsuffersfrom the 18%< _ uv,v, branchingratio, it benefits
from its reachto very low energiesstartingat roughly wherethe OdoubleulseGopology leavesoff
andextendingdownto energieerhapsaslow astensof TeV. Thelower boundis determinecdoy the
energyat which the emergingmuon track travelstoo short a distanceto get a good handleon its
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energy,althoughconceivablyone could get to very low muon energiesusing eventsin which the
muon decaysin the detectorvolume. At low enoughenergies tau neutrinosfrom atmospheric
interactionsmay start enteringas a Obackground@® cosmologicaltau neutrinos. In principle,
backgroundfrom cosmic-raymuonsthat have a fortuitous bremsstrahlungnteraction could be
estimatedfrom a sampleof IceTop-taggednuonsin the data. Backgroundfrom charged-current
v, interactions would have to be estimated from Monte Carlo.

3. Conclusion

Figure 1 summarizeghe tau decaychannelsthat may be accessiblego IceCube. In additionto the
canonicaldouble bang channel,five other channelsmay also be detectable. The energyrangeis
extendedconsiderablybeyondthat availablefrom just the doublebangchannelalone,andin many
casesthe overlappingenergyrangeswill permit IceCubeto make simultaneougau neutrino flux
measurements using channels with very different systematics.
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