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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 sourc¢§e:a‘r§#:¢yT
=1:2:0, andnheutrino oscillations quickly transform theseltol: 1. Theflavor ratios can be deduced from the
relative rates of showersy{ charged current, most. charged current, and all flavors neutral curyentuon
tracks (v, charged current ony and tau lepton lollipops and double bangs ¢harged current ony 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 dec&pT violation, and smallsm? oscillations to sterile neutrinos.
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[. INTRODUCTION get volume are sensitive at roughly EeV—-ZeV neutrino en-
ergies. Fly's Eyd10] and the Akeno Giant Air Shower Array
A new generation of detectors proposed or already undetAGASA) [11], designed to detect atmospheric showers in-
construction will have the sensitivity to open a new window duced by cosmic ray protons, are also sensitive to ultra-high-
on the Universe in the form of high-energy neutrino as-energy neutrino primaries if they consider penetrating hori-
tronomy. In addition to probing distant and mysterious astrozontal showers, i.e. events that initiate only at great slant
physical sources, these data will offer unprecedented sengitepth in the atmosphere. The bounds on ultra-high-energy
tivity for testing fundamental neutrino properties. neutrino fluxes are reviewed in R¢L2]. The HiRes detector
Under-ice and underwater opticab@nkov detectors are (an upgrade of Fly’'s Eyeis running[13] and the Pierre
sensitive at roughly TeV—-PeV neutrino energies. The AntarcAuger detectof14], scheduled to be completed in 2005, is
tic Muon and Neutrino Detector Arra)AMANDA ) [1] at  already taking data with its engineering array. Both should
the South Pole has already been taking data for several yeaksgnificantly improve the sensitivity to ultra-high-energy as-
as has the smaller Lake Baikal detedt®}. First results from  trophysical neutrinos. Orbiting detectors will soon provide a
the AMANDA-B10 phase have been reported3], and re- new window on neutrinos as well. The EUSO experiment
sults from several years of running in the larger[15]is scheduled for deployment on the International Space
AMANDA-II configuration [4] are eagerly awaited. Con- Station in early 2009, and it may evolve into a larger satellite
struction of the much larger (kij IceCube detectof5] at  mission named OWI[16].
the South Pole is scheduled to begin later this year. The Radio Gerenkov detectors are sensitive at roughly PeV—
ANTARES [6] and NESTOR 7] Collaborations, drawing on ZeV neutrino energies. As pointed out long ago by Askaryan
the lessons learned by the Deep Underground Muon andl7], a Gerenkov signal is proportional to the square of the
Neutrino DectectofDUMAND) project [8], are currently net charge of the shower within a wavelength. In turn, the net
deploying their detectors in the Mediterranean Sea. Whileharge is roughly proportional to the shower energy. Thus,
smaller than IceCube, these detectors will have lower threshthe long-wavelength radio signal rises as the neutrino energy
olds due to denser instrumentation. Another Mediterraneasquared, instead of just the neutrino energy, as for other tech-
detector, NEMJ9], has been proposed. These detectors opniques. The RICE antennas, co-deployed with AMANDA,
erate underwater or under ice to shield the atmospheric mudmave recorded first resulf48]. Recently, NASA approved a
flux; since they primarily look for upgoing neutrino-induced very interesting experiment, ANITAL9], which will carry
events, the detectors in the southern and northern hemiadio antennas on a balloon above the South Pole in an at-
spheres offer complementary views of the sky. tempt to detect the long-wavelength tail of sub-ice showers
Detectors making use of the Earth’s atmosphere as a tafrom Earth-skimming neutrind20]. The GLUE experiment
has reported limits based on the non-observation of a radio
signal from neutrino interactions in the surface of the Moon
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source neutrino astronomy. Each will measure the neutrinapproximategb,,ezday ¢, ~0:1:0[26]. This leads to mass
" T

flux over some energy range. One purpose of this paper is tgigenstate ratios of-1:2:3 andmeasured flavor ratios of
ask how well the primary neutrino spectrum can be recon-_q1:2.9
structed from the observed spectral information. The primary - pjternatively, the particle physics could be different than
spectrum reveals the dynamics of the cosmic engine. Resssumed herdthree stable neutrings For example, the
views of high-energy neutrino astronomy are listed in Refheavier mass eigenstates could decay en route to Earth. This
[23]. ) o N . . leads to markedly different detected flavor ratios, as extreme

Besides energy and direction, an additional piece of inforyg ejther6:1:1 or 0:1:1 for thexormal and inverted hierar-
mation is carried by arriving neutrinos: flavor. Neutrinos arechjeg, respectivelj27]. Also, Barenboim and Quigg have
known to come in three flavors, electron, muon, and tahointed out thaCPT violation in neutrino mixing could also
types. The bulk of this paper focuses on what we can learfpad to anomalous flavor rati¢g8]. Finally, neutrinos could
from flavor identification of the incoming neutrinos and pe pseudo-Dirac states, in which case the three active neutri-
whether flavor-tagging is feasible with proposed experi-nos have sterile partners, with which they are maximally
ments. We consider the IceCube experiment in detail due tgixed with very tinysm? splittings; these oscillations might
its large effective volume and ability to observe showersgp)y pe effective over cosmological distandes.
muon tracks and events unique to tau neutrinos. We empha- | 5| cases investigated, the,-», symmetry ensures that
size that other experiments will also have some capabilities, 5nq  arrive at Earth in equal numbers. Given how ro-

. .. . M T .

to discriminate among neutrino flavors. o bust that prediction is and that. is the most difficult flavor

In the next section, we look at theoretical motivations fory identify in IceCube, we will mostly focus on thg, : ¢

1 Ve' V,u

flavor discrimination. In the sections after, we look at the . . . . .
inferences of the incident neutrino spectrum and the neutrin atio. We will show that this can be dete'rmlned by measuring
flavors from various event signatures. e rates_of shower. and.t_racl.< even.ts in lceCube. Addition-
ally, we discuss the identification ef.; though the expected
yields are very small, the signals are very distinctive, and the
detection of even a single event would confirm the presence

Il. WHY NEUTRINO FLAVOR IDENTIFICATION
of the v, flux.

IS INTERESTING

Neutrinos from astrophysical sources are expected to arise
dominantly from the decays of charged piof@d kaons Ill. BASICS FIRST: MEASURING THE NEUTRINO
and their muon daughters, which results in initial flavor ra- SPECTRUM WITH MUONS

tios, ¢Ve'¢m'¢”r’ of nearly 1:2:0. The fluxes of each mass For under-ice or underwater detectors, muon events pro-
eigenstate are then given by =3 ,¢5""fU,j|% TheU,;  vide the most useful signal from which to infer the neutrino
are elements of the neutrino mass-to-flavor mixing matrix,spectrum. This is especially true at lower energfesm 100
defined by|v,)=2;U,|v;). The propagating mass eigen- GeV to several TeYdue to the higher energy threshold for
states acquire relative phases, giving rise to flavor oscillashowers. In this section we explore the reconstruction of the
tions. However, these relative phases are lost, SIfIoé neutrino spectrum from observed muon events in an
X L/E>1, and hence uncertainties in the distahcand the IceCube-type detector. There are challenges in doing this,
energyE will wash out the relative phases. Thus the neutri-however.
nos arriving at Earth are an incoherent mixture of mass First, muons can be created in interactions far from the
eigenstates with the proportions given above. detector and lose a considerable fraction of their energy be-
For three neutrino species, as we assume throughouire being measured. This problem can be circumvented,
there is now strong evidence from atmospheric and reactdrowever, by considering only muon events with a contained
neutrino data suggesting that andv, are maximally mixed ~ vertex, in which the muon track begins within the detector
and U; is nearly zero. This twin happenstancg,{,=45°  Vvolume. At energies near or below the TeV scale, many of
andUq;=0) leads to two remarkable conclusions. The firstthe observed muons will have contained vertices. At higher
is that each mass eigenstates contains an equal fractiop of energies, when the range of muons is considerably longer,
andv,. The second is that in the mass eigenstate basis, tHewer of the resulting events will have this feature.
neutrinos are produced in the ratids1:1, independent of Second, separating the atmospheric neutrino background
the solar mixing angle, and thus arrive at Earth as an incofrom any astrophysical neutrino signal can be difficult. The
herent mixture of mass eigenstates with these same ratiogtmospheric neutrino spectrum is well modeled, and so in
This implies democracy in the detected flavor ratios as wellprinciple can be subtracted from the data. At energies at or
sinceUIUT=1 in any basis. above about 100 TeV, the astrophysical neutrino flux is likely
So there is a fairly robust prediction #f1:1 flavor ratios o be above the more steeply falling atmospheric neutrino
for measurements of astrophysical neutrij@4,25. The flux. At more modest energies, the angular and temporal
first task of flavor measurement is to check this predictionresolution of a neutrino telescope will be needed to effec-
Could the flavor ratios differ froni:1:1? Theastrophysics tively remove backgrounds. The atmospheric neutrino flux at
could be different than is outlined here. For example, if thel TeV (dominated byv,+wv,) is ~10° GeV cm ?s™*
charged pion decays promptly but the daughter muon losgd80] in a (1 degf bin, where the bin size was chosen to
energy before decaying, then at high energy the flux mayeflect the angular resolution for these events. Especially for

093005-2



MEASURING FLAVOR RATIOS OF HIGH-ENERGY . .. PHYSICAL REVIEW 38, 093005 (2003

, All Muons Muons (Contained Vertex)
10 T T TTTTIm T TTTTHW T TTTTHW T T TTTTIm T T TT1TT E 103 T “HHW T y{{{HW T {{{{HW T {{{{HW T T 1 T1Ir =
N & E ]
o~ : —\\ —
o5 AN ]
102 = % —= 102 = -
F RN E E N E
- - = \ -
= C DN ] ks r -y ]
it ¥ i & N ]
—~ 101 E RN — S 101 — AN —
0 g o T E 3 g Sl E
[ F I l\\ 3 ol F TL 3
" r o Tl T . % . R T ]
- L RS _ 4 -+ L T 4

g < Ny E o Nde T — —
> 100 L - 100 B e = —
= E AN 3 = E AN 3
T Jc 10-1 9T
L 1 lllHH‘ 1 lllHH‘ 1 llHH‘ 1 l“l’lHH 1 llHH‘A [ 1 111““‘ 1 111““‘ 1 llHH‘ 1"'11““‘ 1 11“}
102 103 104 109 106 107 102 103 104 100 106 107

E, (GeV) E, (GeV)

FIG. 1. The distribution of observed muon energies for a neu- F|G. 2. The distribution of observembntained vertexnuon en-
trino spectrum o’ dN, /dE, =10"7 GeVcm ?s 'forlyear  ergies for a neutino spectrum  of E2 dN, /dE,
The dashed line is for a flux at a horizontal zenith angle and—10-7 GeV em2s - for 1 year. The dashed line is for a flux at a
the dotted line for an upgoing fluthrough the Earth Note thatthe  horizontal zenith angle and the dotted line for an upgoing flux
muon energy at production may be considerably larger than thathrough the Earth The error bars are slightly offset for clarity.
observed due to the long muon range. The error bars are slightly 5
offset for clarity. ther, since the muons are always fully relativistic, thereh-

kov angle and intensity are constant and thus cannot be used

the lower flux we consider beIOW, identification of astro- to infer the muon energy. However, the muon energy inside
physical sources may require temporal information as wellthe detector can be inferred by the rate of energy deposition
For example, gamma-ray bursts typically have durations ofy, the form of showers from catastrophic bremsstrahlung
the order of seconds. Taking the known catalogs of gammags 34]. The muon range is substantially less than the muon
ray bursts as a guide, about 10 events per square kilometgecay length; for an illustration of the length scales for neu-
per year are expected. Using timing and directional informatring interactions, mu and tau range, and mu and tau decay,
tion, these events are essentially background [Bd¢ Tau gee Fig. 1 of Ref[35].
neutrino detection for gamma-ray bursts has been studied in The energy of the muon faithfully represents the neutrino
Ref. [32]. A similar technique could be used for blazars orenergy since the charged-current differential cross section is

other transient sources. strongly peaked ay=1—E,/E,=0, and(y)=0.2 [36].
The kinematical angle of the muon relative to the neutrino
A. Muon tracks direction is about 1°JE,/1 TeV, and the reconstruction er-

After a high energy muon is produced, it undergoes conf©r On the muon direction is on the order of 1°. _
tinuous energy loss as it propagates, given by The probability of Qetectlng a muon ngutrlno Frav_ellng
through the detector via a charged-current interaction is then
dE given by
ﬁz—a—ﬂE, (3.
PV”H#’—VpNAa'R#, (3.3
where a=2.0 MeV cnf/g and B=4.2x10°® cm?/g [33].

The muon range is then wherep is the target nucleon density,, is Avogadro’s num-

ber, ando is the neutrino-nucleon total cross sect|@6].

1
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. (3.2 B. Spectral results

In Figs. 1 and 2, we show the distribution of observed

where Ei‘r is the minimum muon energy triggering the de- mzuon energies Er a mygnﬁlneutnno spectrum - of
tector. Typically, E;T’~50—1OO GeV for deep ice or water Evﬂde/dEvﬂzlo Gevem s for 1 year (or
detectors. Above an energy of 1 TeV, the muon range riseE,Z,ﬂd N, /d Ey#=1078 Gevem ?s™t for 10 years. The
logarithmically as~|n(EM/EZ") times 2.4 km water equiva- dashed lines correspond to the flux at a horizontal zenith
lent. Since this typically exceeds the size of the detector, thangle and the dotted lines to an upgoing fidtkrough the
muon energy cannot be measured by the muon range. Fugarth. Detection prospects for horizontal neutrinos are en-
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FIG. 3. The distribution of observed muon energies for a neu- FIG. 4. The distribution of observezbntained vertexnuon en-
trino spectrum of? dNVM/dEV#=10’7 GeVceni2s ! for 1 year ergies for a neutrino spectrum o2 dN, /dE, =10~
" v v v
(dasheq ling as in Fi.gs.. 1 and 2, compargd against .SpeCtraGchm’zs’l for 1 year (dashed ling 4s in Figslf 1 and
proportional toE ~2? (solid line) andE ~*® (dotted ling, normalized 2, compared against spectra proportionaEt?? (solid line) and
to the same number of events in the first energy bin. All rates are fOEfl.B (dotted ling, normalized to the same number of events in the

a ho_rlzontal zenith angle source. Note that the muon energy at PrGirst energy bin. All rates are for a horizontal zenith angle source.
duction may be considerably larger than that observed. The €% he error bars are slightly offset for clarity.

bars are slightly offset for clarity.

hanced from long distances of ice in which muons can béo the_ energy, has its virtue. The contained-muon measure-
produced. Upgoing neutrinos, although also with this advanMent i more useful for the case of a strongly broken power

tage, can be absorbed in the Earth, degrading their event rat@W: such as is predicted in the case of gamma-ray bursts.
Typically, the gamma-ray burst neutrino spectrum is ex-

A distribution of neutrino sources over the sky produces a )
spectrum in between these two extreme curves. Figure Rected to follow &~ spectrum up to some break energy on

shows the spectrum of all observed muons, while Fig. 4he order of hundreds. of Tev.ébove this energy, it steepens
shows only muon events with a contained vertex. The event® & SPectrum proportional " . For such a spectrum, the
are binned by energy decade, with 68% confidence levelgreak could be observed with the contained vertex muon
shown. The dashed and dotted lines, shown for comparisofy€asurement, and the slopes could be then measured more
are the results of our Monte Carlo simulations with muchPrecisely using all observed muons. _ _
greater statistics. Note that the sizes of the energy bins were2We note that _tt‘e flux we _?m_ploy for illustration,
selected for statistical purposes. The energy resolution df» dN, /dE, =10"" GeVem “s 7, is on the order of the
neutrino telescopes is considerably more precise at thed#&axman-Bahcall boundi37]. The Waxman-Bahcall bound
energies. pertains to the diffuse neutrino flux from sources optically
In Figs. 3 and 4, we compare the observable horizontathin to protons, normalized to the measured cosmic-ray flux
muon spectra resulting from neutrino spectra proportional tat ~10' eV. As emphasized by Mannheim, Protheroe and
E 2 (dashed ling E~ 22 (solid line), andE ~® (dotted ling,  Rachen[38], it does not apply for optically thick or “hid-
normalized to the same number of events in the first energgen” sources[39], for galactic sources, or for sources not
bin. By comparing the numbers of events in adjacent binsemitting protons at energies 10*® eV. Microquasars and
Fig. 3 demonstrates that for a single power-law flard our  supernova remnants provide examples of both of the latter
choice of normalization the spectral slope can be deter- categories. The current experimental limit on the high-energy
mined to approximately 10% up to tens or perhaps hundredseutrino flux, from the AMANDA experiment, is more than
of TeV. Figure 4 demonstrates the ability to make such meaan order of magnitude larger than the Waxman-Bahcall
surements with only muons with contained vertices. Comparbound[1,3]. IceCube is expected to reach well below the
ing Figs. 3 and 4 makes it clear that limiting the data toWaxman-Bahcall boun{b].
muons with contained vertices alone weakens the ability to Nature’s flux could be larger than we assume here. It
resolve similar spectral slopes, especially at higher energiesould also be smaller. If it is smaller, then integration times
This is because of the statistical limitations. However, thdarger than the 1 year we assume here are needed to compen-
fact that muons with contained vertices yield the total muonsate. Furthermore, larger detectors, such as an extension of
energy, whereas throughgoing muons offer only lower limitsiceCube, are likely to be constructed in the future, making
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1073 [T T T The shower energy typically underestimates the neutrino en-
ergy by a factor ranging from-3 around 1 TeV to a factor
of ~4 at 1 EeV[36].

A charged-current interaction of, produces an electron
that immediately creates an electromagnetic shower. If the
electromagnetic shower is measured with the hadronic one,
the total shower energy is the incidemt energy. In prin-
ciple, electromagnetic and hadronic showers are distinguish-
able by their respective muon content, absent for electromag-
netic and present for hadronic showers. We will not assume
that these can be distinguished, as it is expected to be very
difficult.

In a v, charged-current interaction, the muon track al-
ways emerges from the shower, because of the long muon
range, so these events do not contribute to the shower rate.

e l l l l The v, charged-current interaction produces a hagjronic
10 o3 10d 105 106107 shower and a tau track. The tau decay path lengthcis
E, (GeV) ~50(E,./ PeV) m. Below a few PeV, the tau track is too
short to be separated from the shower, and so these events

FIG. 5. Probabilities of detecting different flavors of neutrinos in Will contribute to the shower rate. At higher energies, the tau
IceCube versus neutrino energy, described in detail in the text. ThiFack will extend beyond the initial shower, and then the tau
upper solid line is the probability of a horizontal, creating a  Will decay to produce a second shower. This creates identi-
detectable muon track, and the dashed line is for downgejng  fiable double-bang and lollipop events, discussed below.

The dotted line is the probability for, to create a detectable Showers are seen by the detector as photoelectrons dis-
shower (above 1 TeV, considering both charged-current and tributed over a~100 m radius sphere for a TeV shower
neutral-current interactions; the kink occurs when the neutral{~300 m radius for showers with PeV energi€he shower
current showers come above threshold. The dot-dashed lines are th@ust at least be partially contained within the detector vol-
probabilities forv, to make lollipop eventguppe) and double-  yme in order to be detected. Since shower sizes are relatively
bang eventslower). small compared to muon ranges, the effective volume for
these events is substantially less than for charged-currgnt

more conservative choices of the neutrino flux easier 9nieractions. Also, the energy threshold for showers is gener-
study. To reduce backgrounds, only those events associate

ith K hould b idered. In that " y larger than for muon tracks.
With known sources should be consicered. 1n that case, Ineé rpqo probability of detecting a neutrino by a shower pro-
remaining flux of neutrinos which could be used for such

8uced by a neutral-current interaction is given b
study may be significantly reduced. Given this consideration, y g y

perhaps a choice OF? dNVM/dE,,#=10‘8 GeVem 2s7t
o ~ _

over 10 years, which we also discuss, could be considered a P shower= PNAL fEmhr,E dydy

more realistic choice. o

Probability

1
4.9

where o is the neutrino-nucleon cross secti@6], y is the
IV. FLAVOR IDENTIFICATION energy fraction transferred from the initial neutrino to the
) ) ) hadronic shower, andl is the length of the detector. For
Although the ratios of neutrino flavors are not directly cargeqd.current electron neutrino interactions, however, the

measurable, they can be inferred from complementary,ygifional electromagnetic shower means that all of the neu-
classes of events in neutrino telescopes. In this section, Weino energy goes into the shower, and

restrict our attention to lceCube, which will be capable of
identifying showers from both charged- and neutral-current P, showe=pPNacL. 4.2
events, muon tracks, and certain tau neutrino events. Muon
tracks have been discussed above. The probabilities for dé\ similar treatment is used for charged-current tau neutrino
tecting the different neutrino flavors are illustrated in Fig. 5,interactions which do not produce a double-bang or lollipop
and will be discussed in detail now. event(see below. In real experiments, the shower threshold

Electron and muon neutrinos above about 100 TeV arés not a step function as we adopt here. IceCube will have
absorbed in Earth by their charged-current interactions. Tashower energy resolution of abott0.1 on a log, scale and
neutrinos also interact, but regenerateby the prompt de- will be able to reconstruct the neutrino direction to about
cays of tau leptonp4Q]; these decays also produce a second25°.
ary flux of v, and v, [35,41.

B. Double-bang and lollipop events

A. Showers Double-bang and lollipop events are signatures unique to

All neutrino flavors undergo an identical neutral-currenttau neutrinos, made possible by the fact that tau leptons de-
interaction producing a hadronic shower and nothing elsecay before they lose a significant fraction of their energy

093005-5



BEACOM et al. PHYSICAL REVIEW D 68, 093005 (2003

[33]. Double-bang eventp24,42,43 consist of a hadronic (i) The shower produced by the decay of the tau lepton

shower initiated by a charged-current interaction of the must occur within the detector volume and be of suf-
followed by a second energetic showbadronic or electro- ficient energy to trigger the detector-(L TeV). This
magneti¢ from the decay of the resulting tau lepton. Lolli- may be a hadronic or electromagnetic shower.

pop events consist of the second of the two double-bang (ii) The track of the tau lepton must be long enough
showers along with the reconstructed tau lepton trabk (within the detector to be reconstructed and sepa-
first bang may be detected or hotnverted lollipops, con- rable from the shower. For a photomultiplier tube
sisting of the first of the two double-bang showers along with spacing of~125 m(lceCube’s horizontal spacing is
the tau lepton track, are not as useful as they will often be 125 m, their vertical spacing is a significantly smaller
confused with a hadronic shower in which-al00 GeV 17 m), reasonable values for the minimum tau range,
muon is producedbecause of the higher lepton mass, tau Xmin,» are 200—400 m.

tracks suffer much less catastrophic bremsstrahlung than . . o
muons at the same enejgyVe do not consider inverted The_: probability for a lollipop event, per incident tau neu-
lollipops for this reason. trino, Is

The range of a tau lepton is bounded from above by its

lifetime in the laboratory frame. A tau lepton of enerBy 1 do
has a mean lifetime given by Pbuipop(EVT)szA(L—xmm) JO dyd—ye_xmin/Rr_
(4.9
E, (1-y)E,
RT(EVT,y)z HCTTITCTT, (4.3 Note that the energy threshold for both double bangs and
T 4 lollipops, resulting from the requireme®,= X, IS given

wherem, and 7, are the mass and rest-frame lifetime. by Etvh:NS(Xmin/25O m) PeV. For double-bang events, the
Following Refs[24,42,43, the conditions which must be energy threshold for the first showéty~yE, =TeV, puts

fulfilled for the detection of a double-bang event are the fol-g lower limit on they integration, but negligibly so for PeV

lowing: scale neutrino energies.

The expressions in Eq$4.4) and (4.5 can be further

(i) The tau neutrino must interact via the charged currentSimplified with the approximation

producing a hadronic shower of sufficient energy to

trigger the detector{1 TeV) inside of the detector

volume. do
(i) The tau lepton produced in the interaction must decay d_y_

inside the detector volume, producing an electromag-

netic or hadronic shower of sufficient energy to trig- where (y)=0.25 at PeV scale energies andis the total

ad(y—(y)), (4.6)

ger the detector. cross section. Thus,
(iii) The tau lepton must travel far enough such that the
two showers are sufficiently separated to be distin- P.(E )=pN L—x_. —R.)e Xmin/R
guished from each other ol By )=PNAGT(L = Xmin = R;)& Fmn
—-L/IR;
At the energies required for the third condition to be sat- +Re ly=tn) 4.7)
isfied, both the showers will be energetic enough to easily
fulfill the threshold req_uir_ements. The _prob_ability for a plompop(EVT)szAg(L_Xmin)[efxmm/RT]y:M_
double-bang event, per incident tau neutrino, is
(4.9
1 do (L (L—X) Figure 6 shows the lollipop and double-bang detection
Pu(E, )szAf dy—j dx———e ¥/R- probabilities. Note that near threshold, the majority of lolli-
T 0 dy Xmi RT N .
min pop events are also double-bang events. At higher energies,
the size of the detector excludes many double-bang events
1 do R but not lollipops.
ZPNAL dyd_y[(l-_xmin_ R, e minir The analytic expressions in Eqgt.4)—(4.8) are original
to this work. To check their validity, we constructed a Monte
+R.e YR, (4.4 Carlo simulation to calculate the probabilities of observing

double-bang or lollipop events in IceCube. This simulation
The track integration fromx,;;, to L includes tau lengths that took into account the distribution of values in charged-
are larger tharx,,, (for shower separatiorand smaller than current interactions as well as the variation in decay lengths.
L (so that both showers are contained in the detgcidre  In common with the analytic results, the Monte Carlo simu-
exponential in the integral samples over the decay lengthation treats the detector one dimensionally. We note that this

distribution. is a conservative approximation as taus that travel diagonally
Conditions which must be fulfilled for the detection of a across the detector could have bangs separated by distances
lollipop event are the following: larger up to a factor/3. The analytic expressions and the
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1073 L L I I I IR the flavor ratios. Recall thatv,-v, symmetry means

3 <;b,,ﬂ: ¢, =1:1, and so twandependent observables are suf-
] ficient to determine all three flavor ratios.

For a neutrino spectrum of Eﬁ dNV#/d EVM
=107 GeVemi 2s ! for 1 year, we expec/;, on average,
323 muon event$186 of which have contained vertiges
Given an equal number of each neutrino flavor, we predict
only 36 shower events. At the 68% confidence level, this
allows for a measurement ¥, ond Nshowers= 9.ot};g for
horizontal sources, about a 20% uncertainty. For upgoing
sources, a measurement Mf,uond Nsnowers= 8.5 13 results
similarly. The difference comes from the fact that upgoing

neutrinos are absorbed at high energies, where muon events
are more likely to occur, thus slightly lowering the muon to

5

1074

Probability

10-6 T T T T B e shower ratio for upgoing events relative to horizontal events.
1 5 10 50 100 500 1000 These results use the natural energy thresholds of the detec-
E, (PeV) tor, ~100 GeV for muons and-1 TeV for showers.

FIG. 6. Probability of observing a lollipofuppe) or double-
bang(lower) event in IceCube per incident tau neutrino. The points
(X's and O'9 represent Monte Carlo results while the solid lines  Given the flux we have considered in this paper,
represents the analytic expressions of Hgs4) and (4.5 and the EIZ/ dN,,M/d E, = 107 GeVem 2s tfor1 year, we predict

dashed lines represents the approximations of 48 and(4.8.  ,n"the order of a 50% chance of observing a lollipop event
We have set. =1 km andXp;,=250 m. Above about 20 PeV, the o, gimjijarly for a double-bang event. Thus IceCube is un-
tau track length becomes long enough that it may exceed the thicky o 4 hrovide a stringent probe of the tau neutrino flux.

ness of the ice for near-downgoing events, introducing zenlth-anglel-_he lack of observed double bangs or lollipops in IceCube
dependence. would not reveal much, though the positive identification of

Monte Carlo calculation shown in Fig. 6 are in good agree—even a sm_gle such event by Icepube would indicate the im-
ortant existence of a tau neutrino flux on the order of the

ment, a considerable improvement over the approximation Ux we consider here
given in Refs[42,43. In particular, the important threshold Even larger detectors are needed to exploit the double-

region is characterized very well. The remaining minor dis- . .
crepancies we attribute to the low statistics of the Montebang a_nd lollipop featur_es. With several of these events, fla-
Carlo calculation; our formulas should be quite accurate. Inor ratios could be easily reconstructed and thev, sym-

addition, the approximation in E€4.6) is seen to yield quite metry tested. Since even larger detectors are even farther into
accurate result$which indicates that the variation of cross tr;enletturre, }Nir?or ri]r?ttk?ionvildrir the double-bang and lollipop
section withy is relatively unimportant in these calculations signatures furthe S Work.

Thus we have good confidence that E¢$.4—(4.8) may
join with Egs.(3.3—(4.2) to complete the set of probabilities

D. Signatures unique to tau neutrinos

V. INFERRING NEUTRINO FLAVOR RATIOS

of event topologies. Although the neutrino flavor ratios are not directly acces-
sible at neutrino telescopes, the indirect flavor information
C. Determining the muorn/shower ratio collected from such experiments, i.e., the ratios of muon,

The spectrum of shower events is more difficult to inferShower and tau-unique events, can be very useful in inferring

from data than is the muon spectrum due to lower statisticd/avor information. _ _
but it may be possiblg44]. Relative disadvantages are the [N the previous section, we §r710wed thgg f?g a neutrino
considerably higher shower energy thresH&Hand the fact ~SPectrum of E; dN, /dE, =10"" GeVem “s = for 1

that muon event rates benefit from long muon ranges. Howyear, IceCube could determine the ratio of the muon events
ever, in contrast to the muon signals, shower events are prée shower events with uncertainties on the order of 20%.
duced by all flavors of neutrinos, and shower energies mor&iven v,,-v, symmetry, this ratio can be used to deduce the
faithfully represent the neutrino energy than do muon trackstatio of electron neutrinos to either muon or tau neutrinos.
We do not attempt to relate the observed shower spectrum Glearly, precision measurements of these quantities are un-
the spectrum of incident neutrinos. Rather, we assume thdikely to be determined in this fashion. Fortunately, in some
due to oscillations, the neutrino spectrum shape is indeperinteresting theoretical scenarios, the predictions for devia-
dent of flavor; i.e., the neutrino spectrum inferred from ations from a 1:1:1 flavor ratio are so extreme as to not re-
measurement of the muon spectral shape is universal. Wguire greater precision. The neutrino decay md@&] pro-
may use this universal spectrum to produce shower eventddes a splendid example of possibly large flavor deviations.
and muon tracks, and then compare the total number of In Fig. 7, we show the relationship between the muon-to-
shower events to the total number of muon events to obtaishower ratio and, fraction, assuming ,-v, symmetry and

093005-7



BEACOM et al. PHYSICAL REVIEW D 68, 093005 (2003

60 »_T T T T T T T T T T T T T T T T T T 30 I T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T
I : 7 I '
fr B r
1% | - 18
50 fr : ] L
[ i
) .
k\\ -
L i
o 40—, — g
(0] \ - O]
5 AW 1 3
< A ] o
n 30\ \ —] 2
0 [ \ ] )
g F\ N ] g
5 AN 1 =
=t 20 j \ N i s
10 — —
0 C L1 ‘ L1 ‘ Lo Ly Sl |
0.0 0.2 0.4 0.6 0.8 1.
v, Fraction v, Fraction

FIG. 7. The relationship between the muon-to-shower ratio and FIG. 8. Same as Fig. 7 except that a 1 TeV muon energy thresh-
the v, fraction, assuming,-v, symmetry and arE 2 power law  old has been imposed to reduce the effect of the uncertainty in the
spectrum. The muon energy threshold is 100 GeV, and the showenuon spectrum.
threshold is 1 TeV. Horizontal sources are assumed. The solid line is

the central predicted value. The dashed lines represent the 68§ measured to a range of 0.22—0.42 or 0.09-0.61 for the

confidence interval for a spectrum ofE} dN, /dE,  two fluxes shown in Fig. 8, without using any information

=107 GeVcm ?s ! for 1 year. The dotted lines represent the from muons below 1 TeV. With Fig. 7 as our guide, we

68% confidence interval for a spectrum 5 times smaller. summarize in Table | the muon-to-shower ratio expected for
each of various astrophysical neutrino models.

anE 2 power law spectrum. We define the fraction as the

fraction of neutrinos with electron flavdi for all electron VI. CONCLUSIONS
neutrinos, 0 for no electron neutrino§ he solid line is the Next aeneration high enerav neutrino telescobes. such as
central predicted value. The dashed lines represent the 6800e kilorgeter scale e?( erime?w)t/ lceCube. will bepca, able of
confidence interval for our chosen spectrum. The dotted line b . K P duced b ’ i P h
represent the 68% confidence interval for an exposure goserving muon tracks produced by muon neutrinos, shower

times smaller. Note that the, fraction of 1/3, expected from E\éﬁngg%ﬁ”ga\;gri% ?((:;tlzlrr:io su,eatnod tzaer]g)l?t/ritEgsd%Jsk?lne_
known particle physics, can be measured to a range of 0'26'[T1esge feature:f if willpbe gossibleqto infer the flavor rétios o?
0.37 or 0.18-0.44 for the two fluxes shown in Fig. 7, respec- ' P

tively. These measurements are sufficient to test |nterest|n§roIoerties of the sourcd@8] and to test for new physics

speculations such as neutrino decay. .
If the neutrino spectrum is not well measured, then thebeyond the standard model of neutrino phy$2-29.

relationship between the flavor ratios and the muon/showelﬂn(';/éﬂ?vcafgregiésgpsg g:: trEgSrLQStn:J(asrec:‘ﬂ? flc?r ﬁ‘gaegaﬁﬁ a?hde
ratio will be altered. In the case of poor muon spectrum ’ 9

resolution, some steps could be taken to reduce the relatéd trophysical neutrino spectrum. We demonstratv_e that this
an be accomplished with acceptable accuracy, given a suf-

uncertainties. For example, the number of shower event iently large but realistic neutrino flux. Knowledge of the
could be compared to muon events above a threshold near 't y 1arg j '
pectral shape then allows us to make comparisons of the

TeV, rather than the experimental threshold near 100 GeV’
By doing this, the effect of the spectral slope is reduced, as _
shower events and muon events only from neutrinos with ABLE I. Summary of the muon/shower ratios expected for

similar energies are compared. In Fig. 8, we show resultgelected scenarios. The decay scenarios with normal and inverted

analogous to Fig. 7, but with a muon energy threshold of qneutrino mass hierarchies are taken from REF).

TeV imposed(Dutta, Reno, and Sarcevjd5] considered a
shower/muon ratio to test three-flavor active neutrino oscil-
lations against no oscillations, assuming standard flavor ra-

strophysical neutrino fluxes. These can be used to probe

Ratios at Ratios at Muon/shower
source  Decays Earth v, fraction (Fig. 7 central valug

tios at production; our results are in reasonable agreement at:2:0 None 1:1:1 0.33 9
the one point of common considerationyafraction of 1/3. Normal 6:1:1 0.75 1.5
With this choice of threshold, a measurement @t 2.0 Inverted 0:1:1 0 40
+0.2 corresponds to an uncertainty on the order of only 20% g-1:9 None 1:2:2 0.2 14

in the predicted muon/shower ratio.:A fraction of 1/3 can
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