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Measuring flavor ratios of high-energy astrophysical neutrinos
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We discuss the prospects for next generation neutrino telescopes, such as IceCube, to measure the flavor
ratios of high-energy astrophysical neutrinos. The expected flavor ratios at the sources arefne

:fnm
:fnt

51:2:0, andneutrino oscillations quickly transform these to1:1:1. Theflavor ratios can be deduced from the
relative rates of showers (ne charged current, mostnt charged current, and all flavors neutral current!, muon
tracks (nm charged current only!, and tau lepton lollipops and double bangs (nt charged current only!. The
peak sensitivities for these interactions are at different neutrino energies, but the flavor ratios can be reliably
connected by a reasonable measurement of the spectrum shape. Measurement of the astrophysical neutrino
flavor ratios tests the assumed production mechanism and also provides a very long baseline test of a number
of exotic scenarios, including neutrino decay,CPT violation, and small-dm2 oscillations to sterile neutrinos.
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I. INTRODUCTION

A new generation of detectors proposed or already un
construction will have the sensitivity to open a new windo
on the Universe in the form of high-energy neutrino a
tronomy. In addition to probing distant and mysterious ast
physical sources, these data will offer unprecedented se
tivity for testing fundamental neutrino properties.

Under-ice and underwater optical Cˇ erenkov detectors ar
sensitive at roughly TeV–PeV neutrino energies. The Anta
tic Muon and Neutrino Detector Array~AMANDA ! @1# at
the South Pole has already been taking data for several y
as has the smaller Lake Baikal detector@2#. First results from
the AMANDA-B10 phase have been reported@1,3#, and re-
sults from several years of running in the larg
AMANDA-II configuration @4# are eagerly awaited. Con
struction of the much larger (km3) IceCube detector@5# at
the South Pole is scheduled to begin later this year.
ANTARES @6# and NESTOR@7# Collaborations, drawing on
the lessons learned by the Deep Underground Muon
Neutrino Dectector~DUMAND ! project @8#, are currently
deploying their detectors in the Mediterranean Sea. W
smaller than IceCube, these detectors will have lower thre
olds due to denser instrumentation. Another Mediterran
detector, NEMO@9#, has been proposed. These detectors
erate underwater or under ice to shield the atmospheric m
flux; since they primarily look for upgoing neutrino-induce
events, the detectors in the southern and northern he
spheres offer complementary views of the sky.

Detectors making use of the Earth’s atmosphere as a
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get volume are sensitive at roughly EeV–ZeV neutrino e
ergies. Fly’s Eye@10# and the Akeno Giant Air Shower Array
~AGASA! @11#, designed to detect atmospheric showers
duced by cosmic ray protons, are also sensitive to ultra-h
energy neutrino primaries if they consider penetrating ho
zontal showers, i.e. events that initiate only at great sl
depth in the atmosphere. The bounds on ultra-high-ene
neutrino fluxes are reviewed in Ref.@12#. The HiRes detector
~an upgrade of Fly’s Eye! is running @13# and the Pierre
Auger detector@14#, scheduled to be completed in 2005,
already taking data with its engineering array. Both sho
significantly improve the sensitivity to ultra-high-energy a
trophysical neutrinos. Orbiting detectors will soon provide
new window on neutrinos as well. The EUSO experime
@15# is scheduled for deployment on the International Sp
Station in early 2009, and it may evolve into a larger satel
mission named OWL@16#.

Radio Čerenkov detectors are sensitive at roughly Pe
ZeV neutrino energies. As pointed out long ago by Askary
@17#, a Čerenkov signal is proportional to the square of t
net charge of the shower within a wavelength. In turn, the
charge is roughly proportional to the shower energy. Th
the long-wavelength radio signal rises as the neutrino ene
squared, instead of just the neutrino energy, as for other t
niques. The RICE antennas, co-deployed with AMAND
have recorded first results@18#. Recently, NASA approved a
very interesting experiment, ANITA@19#, which will carry
radio antennas on a balloon above the South Pole in an
tempt to detect the long-wavelength tail of sub-ice show
from Earth-skimming neutrinos@20#. The GLUE experiment
has reported limits based on the non-observation of a ra
signal from neutrino interactions in the surface of the Mo
@21#. The proposed SALSA detector@22# could use large sal
domes as a radio Cˇ erenkov medium.

Although the goals of these experiments are common,
detection strategies and systematic issues are not. Each
infer the direction of arriving events, thereby enabling poi
©2003 The American Physical Society05-1
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source neutrino astronomy. Each will measure the neut
flux over some energy range. One purpose of this paper
ask how well the primary neutrino spectrum can be rec
structed from the observed spectral information. The prim
spectrum reveals the dynamics of the cosmic engine.
views of high-energy neutrino astronomy are listed in R
@23#.

Besides energy and direction, an additional piece of in
mation is carried by arriving neutrinos: flavor. Neutrinos a
known to come in three flavors, electron, muon, and
types. The bulk of this paper focuses on what we can le
from flavor identification of the incoming neutrinos an
whether flavor-tagging is feasible with proposed expe
ments. We consider the IceCube experiment in detail du
its large effective volume and ability to observe showe
muon tracks and events unique to tau neutrinos. We em
size that other experiments will also have some capabili
to discriminate among neutrino flavors.

In the next section, we look at theoretical motivations
flavor discrimination. In the sections after, we look at t
inferences of the incident neutrino spectrum and the neut
flavors from various event signatures.

II. WHY NEUTRINO FLAVOR IDENTIFICATION
IS INTERESTING

Neutrinos from astrophysical sources are expected to a
dominantly from the decays of charged pions~and kaons!
and their muon daughters, which results in initial flavor
tios, fne

:fnm
:fnt

, of nearly 1:2:0. The fluxes of each ma

eigenstate are then given byf j5(afna

sourceuUa j u2. The Ua j

are elements of the neutrino mass-to-flavor mixing mat
defined byuna&5( jUa j un j&. The propagating mass eigen
states acquire relative phases, giving rise to flavor osc
tions. However, these relative phases are lost, sincedm2

3L/E@1, and hence uncertainties in the distanceL and the
energyE will wash out the relative phases. Thus the neu
nos arriving at Earth are an incoherent mixture of m
eigenstates with the proportions given above.

For three neutrino species, as we assume through
there is now strong evidence from atmospheric and rea
neutrino data suggesting thatnm andnt are maximally mixed
and Ue3 is nearly zero. This twin happenstance (uatm545°
andUe350) leads to two remarkable conclusions. The fi
is that each mass eigenstates contains an equal fraction onm
andnt . The second is that in the mass eigenstate basis
neutrinos are produced in the ratios1:1:1, independent of
the solar mixing angle, and thus arrive at Earth as an in
herent mixture of mass eigenstates with these same ra
This implies democracy in the detected flavor ratios as w
sinceU1U†51 in any basis.

So there is a fairly robust prediction of1:1:1 flavor ratios
for measurements of astrophysical neutrinos@24,25#. The
first task of flavor measurement is to check this predicti
Could the flavor ratios differ from1:1:1? Theastrophysics
could be different than is outlined here. For example, if
charged pion decays promptly but the daughter muon lo
energy before decaying, then at high energy the flux m
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approximatefne
:fnm

:fnt
;0:1:0 @26#. This leads to mass

eigenstate ratios of;1:2:3 andmeasured flavor ratios o
;1:2:2.

Alternatively, the particle physics could be different tha
assumed here~three stable neutrinos!. For example, the
heavier mass eigenstates could decay en route to Earth.
leads to markedly different detected flavor ratios, as extre
as either6:1:1 or 0:1:1 for thenormal and inverted hierar
chies, respectively@27#. Also, Barenboim and Quigg hav
pointed out thatCPTviolation in neutrino mixing could also
lead to anomalous flavor ratios@28#. Finally, neutrinos could
be pseudo-Dirac states, in which case the three active ne
nos have sterile partners, with which they are maxima
mixed with very tinydm2 splittings; these oscillations migh
only be effective over cosmological distances@29#.

In all cases investigated, thenm-nt symmetry ensures tha
nm andnt arrive at Earth in equal numbers. Given how r
bust that prediction is and thatnt is the most difficult flavor
to identify in IceCube, we will mostly focus on thefne

:fnm

ratio. We will show that this can be determined by measur
the rates of shower and track events in IceCube. Additi
ally, we discuss the identification ofnt ; though the expected
yields are very small, the signals are very distinctive, and
detection of even a single event would confirm the prese
of the nt flux.

III. BASICS FIRST: MEASURING THE NEUTRINO
SPECTRUM WITH MUONS

For under-ice or underwater detectors, muon events p
vide the most useful signal from which to infer the neutri
spectrum. This is especially true at lower energies~from 100
GeV to several TeV! due to the higher energy threshold fo
showers. In this section we explore the reconstruction of
neutrino spectrum from observed muon events in
IceCube-type detector. There are challenges in doing t
however.

First, muons can be created in interactions far from
detector and lose a considerable fraction of their energy
fore being measured. This problem can be circumven
however, by considering only muon events with a contain
vertex, in which the muon track begins within the detec
volume. At energies near or below the TeV scale, many
the observed muons will have contained vertices. At hig
energies, when the range of muons is considerably lon
fewer of the resulting events will have this feature.

Second, separating the atmospheric neutrino backgro
from any astrophysical neutrino signal can be difficult. T
atmospheric neutrino spectrum is well modeled, and so
principle can be subtracted from the data. At energies a
above about 100 TeV, the astrophysical neutrino flux is lik
to be above the more steeply falling atmospheric neutr
flux. At more modest energies, the angular and tempo
resolution of a neutrino telescope will be needed to eff
tively remove backgrounds. The atmospheric neutrino flux
1 TeV ~dominated bynm1 n̄m) is ;1028 GeV cm22 s21

@30# in a (1 deg)2 bin, where the bin size was chosen
reflect the angular resolution for these events. Especially
5-2
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MEASURING FLAVOR RATIOS OF HIGH-ENERGY . . . PHYSICAL REVIEW D68, 093005 ~2003!
the lower flux we consider below, identification of astr
physical sources may require temporal information as w
For example, gamma-ray bursts typically have durations
the order of seconds. Taking the known catalogs of gam
ray bursts as a guide, about 10 events per square kilom
per year are expected. Using timing and directional inform
tion, these events are essentially background free@31#. Tau
neutrino detection for gamma-ray bursts has been studie
Ref. @32#. A similar technique could be used for blazars
other transient sources.

A. Muon tracks

After a high energy muon is produced, it undergoes c
tinuous energy loss as it propagates, given by

dE

dX
52a2bE, ~3.1!

where a52.0 MeV cm2/g and b54.231026 cm2/g @33#.
The muon range is then

Rm5
1

b
lnF a1bEm

a1bEm
thrG , ~3.2!

whereEm
thr is the minimum muon energy triggering the d

tector. Typically,Em
thr;50–100 GeV for deep ice or wate

detectors. Above an energy of 1 TeV, the muon range r
logarithmically as; ln(Em /Em

thr) times 2.4 km water equiva
lent. Since this typically exceeds the size of the detector,
muon energy cannot be measured by the muon range.

FIG. 1. The distribution of observed muon energies for a n
trino spectrum ofEnm

2 dNnm
/dEnm

51027 GeV cm22 s21 for 1 year.
The dashed line is for a flux at a horizontal zenith angle a
the dotted line for an upgoing flux~through the Earth!. Note that the
muon energy at production may be considerably larger than
observed due to the long muon range. The error bars are slig
offset for clarity.
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ther, since the muons are always fully relativistic, the Cˇ eren-
kov angle and intensity are constant and thus cannot be
to infer the muon energy. However, the muon energy ins
the detector can be inferred by the rate of energy deposi
in the form of showers from catastrophic bremsstrahlu
@5,34#. The muon range is substantially less than the mu
decay length; for an illustration of the length scales for ne
trino interactions, mu and tau range, and mu and tau de
see Fig. 1 of Ref.@35#.

The energy of the muon faithfully represents the neutr
energy since the charged-current differential cross sectio
strongly peaked aty512Em /En.0, and ^y&.0.2 @36#.
The kinematical angle of the muon relative to the neutr
direction is about 1°/AEn/1 TeV, and the reconstruction e
ror on the muon direction is on the order of 1°.

The probability of detecting a muon neutrino travelin
through the detector via a charged-current interaction is t
given by

Pnm→m.rNAsRm , ~3.3!

wherer is the target nucleon density,NA is Avogadro’s num-
ber, ands is the neutrino-nucleon total cross section@36#.

B. Spectral results

In Figs. 1 and 2, we show the distribution of observ
muon energies for a muon neutrino spectrum
Enm

2 dNnm
/dEnm

51027 GeV cm22 s21 for 1 year ~or

Enm

2 dNnm
/dEnm

51028 GeV cm22 s21 for 10 years!. The

dashed lines correspond to the flux at a horizontal ze
angle and the dotted lines to an upgoing flux~through the
Earth!. Detection prospects for horizontal neutrinos are e

-

d
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tly

FIG. 2. The distribution of observedcontained vertexmuon en-
ergies for a neutrino spectrum of Enm

2 dNnm
/dEnm

51027 GeV cm22 s21 for 1 year. The dashed line is for a flux at
horizontal zenith angle and the dotted line for an upgoing fl
~through the Earth!. The error bars are slightly offset for clarity.
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hanced from long distances of ice in which muons can
produced. Upgoing neutrinos, although also with this adv
tage, can be absorbed in the Earth, degrading their event
A distribution of neutrino sources over the sky produce
spectrum in between these two extreme curves. Figur
shows the spectrum of all observed muons, while Fig
shows only muon events with a contained vertex. The eve
are binned by energy decade, with 68% confidence le
shown. The dashed and dotted lines, shown for compari
are the results of our Monte Carlo simulations with mu
greater statistics. Note that the sizes of the energy bins w
selected for statistical purposes. The energy resolution
neutrino telescopes is considerably more precise at th
energies.

In Figs. 3 and 4, we compare the observable horizo
muon spectra resulting from neutrino spectra proportiona
E22 ~dashed line!, E22.2 ~solid line!, andE21.8 ~dotted line!,
normalized to the same number of events in the first ene
bin. By comparing the numbers of events in adjacent b
Fig. 3 demonstrates that for a single power-law flux~and our
choice of normalization!, the spectral slope can be dete
mined to approximately 10% up to tens or perhaps hundr
of TeV. Figure 4 demonstrates the ability to make such m
surements with only muons with contained vertices. Comp
ing Figs. 3 and 4 makes it clear that limiting the data
muons with contained vertices alone weakens the ability
resolve similar spectral slopes, especially at higher energ
This is because of the statistical limitations. However,
fact that muons with contained vertices yield the total mu
energy, whereas throughgoing muons offer only lower lim

FIG. 3. The distribution of observed muon energies for a n
trino spectrum ofEnm

2 dNnm
/dEnm

51027 GeV cm22 s21 for 1 year
~dashed line!, as in Figs. 1 and 2, compared against spec
proportional toE22.2 ~solid line! andE21.8 ~dotted line!, normalized
to the same number of events in the first energy bin. All rates are
a horizontal zenith angle source. Note that the muon energy at
duction may be considerably larger than that observed. The e
bars are slightly offset for clarity.
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to the energy, has its virtue. The contained-muon meas
ment is more useful for the case of a strongly broken pow
law, such as is predicted in the case of gamma-ray bu
Typically, the gamma-ray burst neutrino spectrum is e
pected to follow aE21 spectrum up to some break energy
the order of hundreds of TeV. Above this energy, it steep
to a spectrum proportional toE22. For such a spectrum, th
break could be observed with the contained vertex mu
measurement, and the slopes could be then measured
precisely using all observed muons.

We note that the flux we employ for illustration
Enm

2 dNnm
/dEnm

51027 GeV cm22 s21, is on the order of the

Waxman-Bahcall bound@37#. The Waxman-Bahcall bound
pertains to the diffuse neutrino flux from sources optica
thin to protons, normalized to the measured cosmic-ray fl
at ;1018 eV. As emphasized by Mannheim, Protheroe a
Rachen@38#, it does not apply for optically thick or ‘‘hid-
den’’ sources@39#, for galactic sources, or for sources n
emitting protons at energies;1018 eV. Microquasars and
supernova remnants provide examples of both of the la
categories. The current experimental limit on the high-ene
neutrino flux, from the AMANDA experiment, is more tha
an order of magnitude larger than the Waxman-Bahc
bound @1,3#. IceCube is expected to reach well below t
Waxman-Bahcall bound@5#.

Nature’s flux could be larger than we assume here
could also be smaller. If it is smaller, then integration tim
larger than the 1 year we assume here are needed to com
sate. Furthermore, larger detectors, such as an extensio
IceCube, are likely to be constructed in the future, mak

-

a

or
o-
or

FIG. 4. The distribution of observedcontained vertexmuon en-
ergies for a neutrino spectrum ofEnm

2 dNnm
/dEnm

51027

GeV cm22 s21 for 1 year ~dashed line!, as in Figs. 1 and
2, compared against spectra proportional toE22.2 ~solid line! and
E21.8 ~dotted line!, normalized to the same number of events in t
first energy bin. All rates are for a horizontal zenith angle sour
The error bars are slightly offset for clarity.
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more conservative choices of the neutrino flux easier
study. To reduce backgrounds, only those events assoc
with known sources should be considered. In that case,
remaining flux of neutrinos which could be used for such
study may be significantly reduced. Given this considerat
perhaps a choice ofEnm

2 dNnm
/dEnm

51028 GeV cm22 s21

over 10 years, which we also discuss, could be consider
more realistic choice.

IV. FLAVOR IDENTIFICATION

Although the ratios of neutrino flavors are not direc
measurable, they can be inferred from complement
classes of events in neutrino telescopes. In this section
restrict our attention to IceCube, which will be capable
identifying showers from both charged- and neutral-curr
events, muon tracks, and certain tau neutrino events. M
tracks have been discussed above. The probabilities for
tecting the different neutrino flavors are illustrated in Fig.
and will be discussed in detail now.

Electron and muon neutrinos above about 100 TeV
absorbed in Earth by their charged-current interactions.
neutrinos also interact, but regeneratent by the prompt de-
cays of tau leptons@40#; these decays also produce a seco
ary flux of ne andnm @35,41#.

A. Showers

All neutrino flavors undergo an identical neutral-curre
interaction producing a hadronic shower and nothing e

FIG. 5. Probabilities of detecting different flavors of neutrinos
IceCube versus neutrino energy, described in detail in the text.
upper solid line is the probability of a horizontalnm creating a
detectable muon track, and the dashed line is for downgoingnm .
The dotted line is the probability forne to create a detectabl
shower ~above 1 TeV!, considering both charged-current an
neutral-current interactions; the kink occurs when the neut
current showers come above threshold. The dot-dashed lines a
probabilities fornt to make lollipop events~upper! and double-
bang events~lower!.
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The shower energy typically underestimates the neutrino
ergy by a factor ranging from;3 around 1 TeV to a factor
of ;4 at 1 EeV@36#.

A charged-current interaction ofne produces an electron
that immediately creates an electromagnetic shower. If
electromagnetic shower is measured with the hadronic o
the total shower energy is the incidentne energy. In prin-
ciple, electromagnetic and hadronic showers are distingu
able by their respective muon content, absent for electrom
netic and present for hadronic showers. We will not assu
that these can be distinguished, as it is expected to be
difficult.

In a nm charged-current interaction, the muon track
ways emerges from the shower, because of the long m
range, so these events do not contribute to the shower r

The nt charged-current interaction produces a hadro
shower and a tau track. The tau decay path length isgct
;50(Et / PeV) m. Below a few PeV, the tau track is to
short to be separated from the shower, and so these ev
will contribute to the shower rate. At higher energies, the
track will extend beyond the initial shower, and then the t
will decay to produce a second shower. This creates ide
fiable double-bang and lollipop events, discussed below.

Showers are seen by the detector as photoelectrons
tributed over a;100 m radius sphere for a TeV show
~;300 m radius for showers with PeV energies!. The shower
must at least be partially contained within the detector v
ume in order to be detected. Since shower sizes are relati
small compared to muon ranges, the effective volume
these events is substantially less than for charged-currennm
interactions. Also, the energy threshold for showers is gen
ally larger than for muon tracks.

The probability of detecting a neutrino by a shower pr
duced by a neutral-current interaction is given by

Pn→shower.rNALE
Esh

thr/En

1 ds

dy
dy ~4.1!

wheres is the neutrino-nucleon cross section@36#, y is the
energy fraction transferred from the initial neutrino to t
hadronic shower, andL is the length of the detector. Fo
charged-current electron neutrino interactions, however,
additional electromagnetic shower means that all of the n
trino energy goes into the shower, and

Pn→shower.rNAsL. ~4.2!

A similar treatment is used for charged-current tau neutr
interactions which do not produce a double-bang or lollip
event~see below!. In real experiments, the shower thresho
is not a step function as we adopt here. IceCube will ha
shower energy resolution of about60.1 on a log10 scale and
will be able to reconstruct the neutrino direction to abo
25°.

B. Double-bang and lollipop events

Double-bang and lollipop events are signatures unique
tau neutrinos, made possible by the fact that tau leptons
cay before they lose a significant fraction of their ener

he

l-
the
5-5
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@33#. Double-bang events@24,42,43# consist of a hadronic
shower initiated by a charged-current interaction of thent
followed by a second energetic shower~hadronic or electro-
magnetic! from the decay of the resulting tau lepton. Loll
pop events consist of the second of the two double-b
showers along with the reconstructed tau lepton track~the
first bang may be detected or not!. Inverted lollipops, con-
sisting of the first of the two double-bang showers along w
the tau lepton track, are not as useful as they will often
confused with a hadronic shower in which a;100 GeV
muon is produced~because of the higher lepton mass, t
tracks suffer much less catastrophic bremsstrahlung
muons at the same energy!. We do not consider inverted
lollipops for this reason.

The range of a tau lepton is bounded from above by
lifetime in the laboratory frame. A tau lepton of energyEt
has a mean lifetime given by

Rt~Ent
,y!5

Et

mt
ctt5

~12y!Ent

mt
ctt , ~4.3!

wheremt andtt are the mass and rest-frame lifetime.
Following Refs.@24,42,43#, the conditions which must be

fulfilled for the detection of a double-bang event are the f
lowing:

~i! The tau neutrino must interact via the charged curre
producing a hadronic shower of sufficient energy
trigger the detector (;1 TeV) inside of the detecto
volume.

~ii ! The tau lepton produced in the interaction must de
inside the detector volume, producing an electrom
netic or hadronic shower of sufficient energy to tri
ger the detector.

~iii ! The tau lepton must travel far enough such that
two showers are sufficiently separated to be dis
guished from each other

At the energies required for the third condition to be s
isfied, both the showers will be energetic enough to ea
fulfill the threshold requirements. The probability for
double-bang event, per incident tau neutrino, is

Pdb~Ent
!.rNAE

0

1

dy
ds

dyExmin

L

dx
~L2x!

Rt
e2x/Rt

.rNAE
0

1

dy
ds

dy
@~L2xmin2Rt!e

2xmin /Rt

1Rte
2L/Rt#. ~4.4!

The track integration fromxmin to L includes tau lengths tha
are larger thanxmin ~for shower separation! and smaller than
L ~so that both showers are contained in the detector!. The
exponential in the integral samples over the decay len
distribution.

Conditions which must be fulfilled for the detection of
lollipop event are the following:
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~i! The shower produced by the decay of the tau lep
must occur within the detector volume and be of s
ficient energy to trigger the detector (;1 TeV). This
may be a hadronic or electromagnetic shower.

~ii ! The track of the tau lepton must be long enou
~within the detector! to be reconstructed and sep
rable from the shower. For a photomultiplier tub
spacing of;125 m ~IceCube’s horizontal spacing i
125 m, their vertical spacing is a significantly small
17 m!, reasonable values for the minimum tau rang
xmin , are 200–400 m.

The probability for a lollipop event, per incident tau ne
trino, is

Plollipop~Ent
!.rNA~L2xmin!E

0

1

dy
ds

dy
e2xmin /Rt.

~4.5!

Note that the energy threshold for both double bangs
lollipops, resulting from the requirementRt*xmin , is given
by Ent

thr;5(xmin/250 m) PeV. For double-bang events, t

energy threshold for the first shower,Esh;yEnt
*TeV, puts

a lower limit on they integration, but negligibly so for PeV
scale neutrino energies.

The expressions in Eqs.~4.4! and ~4.5! can be further
simplified with the approximation

ds

dy
.sd~y2^y&!, ~4.6!

where ^y&.0.25 at PeV scale energies ands is the total
cross section. Thus,

Pdb~Ent
!.rNAs@~L2xmin2Rt!e

2xmin /Rt

1Rte
2L/Rt#y5^y& , ~4.7!

Plollipop~Ent
!.rNAs~L2xmin!@e2xmin /Rt#y5^y& .

~4.8!

Figure 6 shows the lollipop and double-bang detect
probabilities. Note that near threshold, the majority of lol
pop events are also double-bang events. At higher ener
the size of the detector excludes many double-bang ev
but not lollipops.

The analytic expressions in Eqs.~4.4!–~4.8! are original
to this work. To check their validity, we constructed a Mon
Carlo simulation to calculate the probabilities of observi
double-bang or lollipop events in IceCube. This simulati
took into account the distribution ofy values in charged-
current interactions as well as the variation in decay leng
In common with the analytic results, the Monte Carlo sim
lation treats the detector one dimensionally. We note that
is a conservative approximation as taus that travel diagon
across the detector could have bangs separated by dista
larger up to a factorA3. The analytic expressions and th
5-6
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Monte Carlo calculation shown in Fig. 6 are in good agre
ment, a considerable improvement over the approximati
given in Refs.@42,43#. In particular, the important threshol
region is characterized very well. The remaining minor d
crepancies we attribute to the low statistics of the Mo
Carlo calculation; our formulas should be quite accurate
addition, the approximation in Eq.~4.6! is seen to yield quite
accurate results~which indicates that the variation of cros
section withy is relatively unimportant in these calculations!.
Thus we have good confidence that Eqs.~4.4!–~4.8! may
join with Eqs.~3.3!–~4.2! to complete the set of probabilitie
of event topologies.

C. Determining the muonÕshower ratio

The spectrum of shower events is more difficult to in
from data than is the muon spectrum due to lower statist
but it may be possible@44#. Relative disadvantages are th
considerably higher shower energy threshold@5# and the fact
that muon event rates benefit from long muon ranges. H
ever, in contrast to the muon signals, shower events are
duced by all flavors of neutrinos, and shower energies m
faithfully represent the neutrino energy than do muon trac
We do not attempt to relate the observed shower spectru
the spectrum of incident neutrinos. Rather, we assume
due to oscillations, the neutrino spectrum shape is indep
dent of flavor; i.e., the neutrino spectrum inferred from
measurement of the muon spectral shape is universal.
may use this universal spectrum to produce shower ev
and muon tracks, and then compare the total numbe
shower events to the total number of muon events to ob

FIG. 6. Probability of observing a lollipop~upper! or double-
bang~lower! event in IceCube per incident tau neutrino. The poi
~X’s and O’s! represent Monte Carlo results while the solid lin
represents the analytic expressions of Eqs.~4.4! and ~4.5! and the
dashed lines represents the approximations of Eqs.~4.7! and ~4.8!.
We have setL51 km andxmin5250 m. Above about 20 PeV, th
tau track length becomes long enough that it may exceed the th
ness of the ice for near-downgoing events, introducing zenith-a
dependence.
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the flavor ratios. Recall thatnm-nt symmetry means
fnm

:fnt
51:1, and so twoindependent observables are su

ficient to determine all three flavor ratios.
For a neutrino spectrum of Enm

2 dNnm
/dEnm

51027 GeV cm22 s21 for 1 year, we expect, on averag
323 muon events~186 of which have contained vertices!.
Given an equal number of each neutrino flavor, we pred
only 36 shower events. At the 68% confidence level, t
allows for a measurement ofNmuons/Nshowers59.021.9

11.6 for
horizontal sources, about a 20% uncertainty. For upgo
sources, a measurement ofNmuons/Nshowers58.521.8

11.5 results
similarly. The difference comes from the fact that upgoi
neutrinos are absorbed at high energies, where muon ev
are more likely to occur, thus slightly lowering the muon
shower ratio for upgoing events relative to horizontal even
These results use the natural energy thresholds of the d
tor, ;100 GeV for muons and;1 TeV for showers.

D. Signatures unique to tau neutrinos

Given the flux we have considered in this pap
Enm

2 dNnm
/dEnm

51027 GeV cm22 s21 for 1 year, we predict

on the order of a 50% chance of observing a lollipop ev
and similarly for a double-bang event. Thus IceCube is
likely to provide a stringent probe of the tau neutrino flu
The lack of observed double bangs or lollipops in IceCu
would not reveal much, though the positive identification
even a single such event by IceCube would indicate the
portant existence of a tau neutrino flux on the order of
flux we consider here.

Even larger detectors are needed to exploit the dou
bang and lollipop features. With several of these events,
vor ratios could be easily reconstructed and thenm-nt sym-
metry tested. Since even larger detectors are even farther
the future, we do not consider the double-bang and lollip
signatures further in this work.

V. INFERRING NEUTRINO FLAVOR RATIOS

Although the neutrino flavor ratios are not directly acce
sible at neutrino telescopes, the indirect flavor informat
collected from such experiments, i.e., the ratios of mu
shower and tau-unique events, can be very useful in infer
flavor information.

In the previous section, we showed that for a neutr
spectrum of Enm

2 dNnm
/dEnm

51027 GeV cm22 s21 for 1

year, IceCube could determine the ratio of the muon eve
to shower events with uncertainties on the order of 20
Given nm-nt symmetry, this ratio can be used to deduce
ratio of electron neutrinos to either muon or tau neutrin
Clearly, precision measurements of these quantities are
likely to be determined in this fashion. Fortunately, in som
interesting theoretical scenarios, the predictions for dev
tions from a 1:1:1 flavor ratio are so extreme as to not
quire greater precision. The neutrino decay model@27# pro-
vides a splendid example of possibly large flavor deviatio

In Fig. 7, we show the relationship between the muon-
shower ratio andne fraction, assumingnm-nt symmetry and

k-
le
5-7
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anE22 power law spectrum. We define thene fraction as the
fraction of neutrinos with electron flavor~1 for all electron
neutrinos, 0 for no electron neutrinos!. The solid line is the
central predicted value. The dashed lines represent the
confidence interval for our chosen spectrum. The dotted li
represent the 68% confidence interval for an exposur
times smaller. Note that thene fraction of 1/3, expected from
known particle physics, can be measured to a range of 0.
0.37 or 0.18–0.44 for the two fluxes shown in Fig. 7, resp
tively. These measurements are sufficient to test interes
speculations such as neutrino decay.

If the neutrino spectrum is not well measured, then
relationship between the flavor ratios and the muon/sho
ratio will be altered. In the case of poor muon spectru
resolution, some steps could be taken to reduce the rel
uncertainties. For example, the number of shower eve
could be compared to muon events above a threshold ne
TeV, rather than the experimental threshold near 100 G
By doing this, the effect of the spectral slope is reduced
shower events and muon events only from neutrinos w
similar energies are compared. In Fig. 8, we show res
analogous to Fig. 7, but with a muon energy threshold o
TeV imposed~Dutta, Reno, and Sarcevic@45# considered a
shower/muon ratio to test three-flavor active neutrino os
lations against no oscillations, assuming standard flavor
tios at production; our results are in reasonable agreeme
the one point of common consideration, ane fraction of 1/3!.
With this choice of threshold, a measurement ofa52.0
60.2 corresponds to an uncertainty on the order of only 2
in the predicted muon/shower ratio. Ane fraction of 1/3 can

FIG. 7. The relationship between the muon-to-shower ratio
the ne fraction, assumingnm-nt symmetry and anE22 power law
spectrum. The muon energy threshold is 100 GeV, and the sho
threshold is 1 TeV. Horizontal sources are assumed. The solid lin
the central predicted value. The dashed lines represent the
confidence interval for a spectrum ofEnm

2 dNnm
/dEnm

51027 GeV cm22 s21 for 1 year. The dotted lines represent th
68% confidence interval for a spectrum 5 times smaller.
09300
%
s
5

–
-

ng

e
er

ed
ts
r 1
V.
s
h
ts
1

l-
a-
at

be measured to a range of 0.22–0.42 or 0.09–0.61 for
two fluxes shown in Fig. 8, without using any informatio
from muons below 1 TeV. With Fig. 7 as our guide, w
summarize in Table I the muon-to-shower ratio expected
each of various astrophysical neutrino models.

VI. CONCLUSIONS

Next generation high energy neutrino telescopes, suc
the kilometer scale experiment IceCube, will be capable
observing muon tracks produced by muon neutrinos, sho
events from all flavors of neutrinos, and possibly the doub
bang and lollipop topologies unique to tau neutrinos. Us
these features, it will be possible to infer the flavor ratios
astrophysical neutrino fluxes. These can be used to pr
properties of the sources@28# and to test for new physics
beyond the standard model of neutrino physics@27–29#.

Muon events, being the most numerous in under-ice
under-water detectors, are the most useful for measuring
astrophysical neutrino spectrum. We demonstrate that
can be accomplished with acceptable accuracy, given a
ficiently large but realistic neutrino flux. Knowledge of th
spectral shape then allows us to make comparisons of

d

er
is
%

FIG. 8. Same as Fig. 7 except that a 1 TeV muon energy thre
old has been imposed to reduce the effect of the uncertainty in
muon spectrum.

TABLE I. Summary of the muon/shower ratios expected f
selected scenarios. The decay scenarios with normal and inve
neutrino mass hierarchies are taken from Ref.@27#.

Ratios at Ratios at Muon/shower
source Decays Earth ne fraction ~Fig. 7 central value!

1:2:0 None 1:1:1 0.33 9
Normal 6:1:1 0.75 1.5
Inverted 0:1:1 0 40

0:1:0 None 1:2:2 0.2 14
5-8
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total number of event types~muons, showers, or tau-uniqu
events! to infer the neutrino flavor ratios.

Assuming nm-nt symmetry as indicated by oscillatio
data, the ratio of showers to muons provides sufficient in
mation to determine all three neutrino flavor ratios. Lar
deviations from the flavor ratios predicted by oscillatio
~1:1:1! will likely be observable. Furthermore, tau-uniqu
events ~double bangs and lollipops! provide another tool
with which to address flavor identification; however, unle
there is a larger than expected tau neutrino flux, such ev
will probably be too small in number in kilometer-scale d
tectors to provide useful information beyond the existence
astrophysical tau neutrinos.
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