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Neutrino observatories can characterize cosmic sources and neutrino properties
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Neutrino telescopes that measure relative fluxes of ultrahigh-engrgy, ,», can give information about
the location and characteristics of sources, about neutrino mixing, and can test for neutrino instability and for
departures fron€PT invariance in the neutrino sector. We investigate the consequences of neutrino mixing for
the neutrino flux arriving at Earth, and consider how terrestrial measurements can characterize distant sources.
We contrast mixtures that arise from neutrino oscillations with those signaling neutrino decays. We stress the
importance of measuring,,v,, v, fluxes in neutrino observatories.
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[. INTRODUCTION scribed by experiment—than conventional wisdom holds.
In this paper, we investigate the consequences of neutrino
Neutrino telescopes promise to probe the deepest reachssxing for the cosmic neutrino flud at Earth, and explore
of stars, galaxies, and exotic structures in the cosrhed}. how measurements on Earth can characterize the source flux
Unlike charged particles, neutrinos arrive on a direct line®°. We contrast the fluxes that result from neutrino mixing
from their source, undeflected by magnetic fields. Unlikewith those that might arise from simple decay scenarios, and
photons, neutrinos interact weakly, so they can penetratee look at the unconventional consequences that might ob-
thick columns of mattef20]. It is plausible that ultrahigh- tain if CPT symmetry were violated. We first carry out an
energy extraterrestrial neutrinos will emerge from theidealized analysis, taking our cue from current experiments;
atmospheric-neutrino background at energies between 1 artden we take into account the uncertainties of existing ex-
10 TeV. Prospecting for extraterrestrial neutrino sourceperimental constraints; finally we ask what we will know
leads the science agenda for neutrino observatories, withfter the next round of neutrino oscillation experiments. Our
characterizing the sources and the processes that operatien is to examine the scientific potential of neutrino obser-
within them to follow. The fluxes of extraterrestrial neutrinos vatories in light of current information about neutrino prop-
may, in addition, offer clues to the properties of neutrinoserties, and to project the situation five years hence.
themselves. The basic operational goal of neutrino telescopes is the
The task of developing diagnostics for neutrino sourcesletection of energetic—hence, long-range—muons gener-
by measuring relative fluxes of electron, muon, and tau neuated in charged-current interactionsﬁ(,FM)Na(,u*,,u_*)

trinos is complicated by neutrino oscillations. Prom'nentJranything. Efficient, well-calibrated detection o, vg)

among expected sources is the diffuse flux of neutrinos Prog,ieractions is also required to make neutrino observatories

duced in the jets of active galactic nuclei such as the TeVi, iqive tools for the investigation of cosmic sources and

gamma sources Mkn 421 and 501, which are some 140 Mpc . . . — .
distant from Earth. The vacuum oscillation length neutrino properties. Go_od detection ofr(vf) interactions
— 47, /|Am?|, is short compared with such intergaal)zcctic would test the expectation that muon neutrinos and tau neu-

distances, so neutrinos oscillate many times between sourddnos arrive at Ear_th in nearly equal numbers. The norr_nfil-

and detector. ForAm? =105 eV?, for example, the oscil- ized electron-neutrino flux at Earth emerges as a promising

lation length isL gee~2.5% 10™ 2* M;;c- (E/1 eV) 'afraction  diagnostic for the character of cosmic sources and for non-
osc . v ’

of a megaparsec even for 2@V neutrinos. The fluxed standard neutrino properties. If neutrinos behave as
—{¢e, 0,0} that arrive at Earth are not. identical to the expected_—mixing according to the stand_ard thre_e-generation
source:é flliu,xefsbo={ 0 0 0} and the transfer matrig’ picture—it should prove possible, over time, to infer some-
that mapsd® to & igen’(;iﬂi,nwééneral invertiblg21]. More thing about the flavor mix of neutrinos produced in distant

; ; : . sources. As is by now well known, neutrino oscillations—
over, over their long flight paths, cosmic neutrinos are VUI'conventionally understood—map the standard neutrino mix-
nerable to decay processes that would have gone undetected 0 12 ,
in terrestrial or solar experiments. Should the neutrino sectoiire at the sourcebg={3,3,0; into a mixture at Earth that
exhibit departures fronCPT invariance, the pattern of neu- approximateg3,3,5}. We explore the uncertainties that at-
trino mixing could be considerably richer—and less circum-tach to this expectation in light of recent improvements in
the experimental constraints on neutrino-mixing parameters,
and we compute the mixture at Earth to be expected for other
*Email address: gabriela@fnal.gov source mixtures. Neutrino decays over the long path from

"Email address: quigg@fnal.gov astrophysical sources could distort the flavor mixture of neu-
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trinos arriving at Earth. Current speculations ab®®&T vio-  additional muon neutrinos and electron neutrinos, so the final
lation in the ne.u.trinp sector imply small, ar_ld perhaps ur)decoum from "+ 70+ 7" is 2y+2v,+ 27M+ 1vet+1v,,
tectable, modifications to the conventional oscillationfgr g normalized neutrino flux
scenario for ultrahigh-energy neutrinos, but would lead to
striking consequences for antineutrino decay. 0 ol 4 2

(I)std: (Pe:gigplu:g!@q—:o (1)

Il. THE INFLUENCE OF NEUTRINO OSCILLATIONS

at the source. This standard mixture—equally divided be-
tween neutrinos and antineutrinos—is the canonical expecta-
ion from most hypothesized sources of ultrahigh-energy
heutrinos.

Neutrino emission from active galactic nuc{&iGN) may
constitute the dominant diffuse flux at energies above a fe
TeV, where cosmic sources should emerge from the bac

ground of atmospheric neutrinos. With luminosities on the In the standard, three-generation description of neutrino

order of 16> erg/s, AGNS are the most powerful radiation oscillations, the flavor eigenstateg are related to the mass
sources in the universe. They are cosmic accelerators pow- ' 9 3

ered by the gravitational energy of matter falling in upon golgenstates; throughv,=Z;Ugv;, or
supermassive black hole. Protons accelerated to very high

energies within an AGN may interact with ultraviolet pho- Ve "
tons in the bright jets along the rotation axis or with matter in v, | =Uf[ v2|. (2
the accretion disk. The resultingp or py collisions yield v, Vs

approximately equal numbers af", 7% 7~ that decay into

,u*vﬂ, Yy, or u~v,. The subsequent muon decays yield A canonical form for the neutrino mixing matrix [§]

Uer Ue Uegs C12C13 $12€13 S
U=[ Uy U Ugs|=| —SiLas— C155312€'°  C1Co3—S1555912€'°  Speus ) ©)
Ug Up Ug 1253~ C1C235138' 7 —C1sSp3—S1C23818'°  Coas
|
wheres;; =sin ¢, c;;=cos#; and é is aCP-violating phase. 1—2x X X
A useful idealized form of the mixing matrix that holds for L L
sin#,3=0, and maximal atmospheric mixing, sif,3=1, is Xidea™ X 2(1=x) z2(1-x) ], (7)
X 3(1-x) 3(1-x)
Ci2 S12 0
Uigea= | —S12/ V2 C1o/ V2 1N2 |, (4 wherex=sinf,,cos6,,. Because the second and third rows
slV2  —cplV2 N2 are identical, ther, andv, fluxes that result from any source

mixture ®° are equaly,=¢..
It is noteworthy that¥,y., maps the standard source mix-

We can express the oscillatigqor surviva) probabilities .
b ¢ ) p ture ®2, into

in a transfer matrixY¥’ that maps an initial mixture of flavors
at the source into the observed mixture at the detector,

O 11 1 g
e @2 std™ QDe_g!QD,u,_g!(Pr_g ' ( )
o, | =a ¢ ]. (5)
P O independent ok, i.e., independent of,,. Becausev, and

v, are fully mixed, the result is more generalny source

with ¢2=1 is mapped intod®g,, independent ofx. The

source mixturab9={%, 1 1} that arises fronz® decay is yet
more special because it is unchanged by neutrino oscilla-

X =5 . —2%S UrU.U U* = U2 [Usl2 tions:any three-generatlon transfer_ matnmaps it intod .
pa= Tap gj al = A=l = p) ; Vel U] For an arbitrary value of the, fraction at the SoUrceY,ye,

(6)  leads tope=J(1—3X)+X, With ¢,=¢,=3(1— ). The

variation of ¢, with the v, source fractiortpg is shown as a

which does not depend on the phaseThe idealized form sequence of small black squaréfer ¢2=0,0.1...,1) in
that corresponds to E@4) is Fig. 1 for the valuex=0.21, which corresponds t@,,

Averaged over many oscillationg; takes the form
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FIG. 1. (Color online only) Ternary plots of the neutrino flu®e at Earth, showing the implications of currdteft pane) and future(right
pane) knowledge of neutrino mixing. The small black squares indicatergHeactions produced by the idealized transfer mafjy. a3¢2

varies from 0 to 1 in steps of 0.1. A crossed circle marks the standard mixed spectrum atiEgrtf,,3}; for comparison, a red dot

marks the standard source spectrébl,={3,5,0}. Colored swaths delimit the fluxes at Earth produced by neutrino oscillations from the

source mixturesbgz{o,l,o} (pink), Cbgtd (red), and CIJ(l’:{l,0,0} (orange, using 95% C.L. ranges for the oscillation parameters. Black
crosses K) show the mixtures at Earth that follow from neutrino decay, assuming nognal@.7) and inverted¢.~0) mass hierarchies.

The blue bands show how current and future uncertainties blur the predictions for neutrino decays. The violet tripod indicates how
CPT-violating oscillations shape the mix of antineutrinos that originate in a standard source mixture, and the violet cross avenages that
mixture with the standard neutrino mixture. The brown squares denote conseque@&B\vblation for antineutrino decays.

=0.57, the central value in a recent global analy8is The  panel of Fig. 1 the mixtures at Earth implied by current
v, fraction at Earth ranges from 0.21, f¢@:0, to 0.59, for knowledge of the oscillation parameters for source fluxes
o0=1. ®5={0,1,04 (the purple band nearp,~0.2) and ®?
The simple analysis based Gy, is useful for orienta-  ={1.0,0f (the orange band neas.~0.6) [12,22. For the
tion, but it is important to explore the range of expectationsPsig@nd®; source spectra, the uncertaintydiy is reflected
implied by global fits to neutrino-mixing parameters. The Mainly in the variation ofpe, whereas the uncertainty #fy;

recent KamLAND dat#&7] on the reactow, rate and spectral is expressed in the variation f, /¢,. For thed, case, the

shape, taken together with solar-neutrino data, select thigfluence of the two ang!es is not so orthpgonal. FOF all the
large-mixing-angle(LMA) solution, with a mixing angle source spectra we consider, the uncertaintyqghas little

bounded at 95% C.L. to lie in the interval 04®,,<0.67 effect on the flux at Earth. The extent of the three regions,

[6]. Observations of atmospheric neutrinos favor maximalzrind the absence of a clean separation between the regions
' 0 0 i .
mixing: we takem/4X 0.8< f,5< /4% 1.2 [8], also at 95% eached fromd g, and @, indicates that characterizing the

C.L. Experimental evidence favoriz<1: informed by the tsqu;ce ﬂl:‘Xtr\:w" bellclzhtgtllengmg, |ntV|ew of the current uncer-
nonobservation of oscillations in the CHOOZ and Palo Verdealn 'es of the osciialion parameters. - .
Over the next five years—roughly the time scale on which

reactor experimentd, 10], we take G< 6,3<0.1. large-volume neutrino telescopes will come into

With current uncertalnueos in the oscillation parameters, abperation—we can anticipate improved information @p

standard source spectrusitg={3,5,0}, is mapped by 0s- and ¢, from KamLAND [13] and the long-baseline accel-
cillations onto the(red boomerang nea®=1{3,5,5} in  erator experiments at Soudg4] and Gran Sassfd5]. We
the left panel of Fig. 1. Given tha,ye, maps¢gtd_>q)std for  base our projections for the future on the ranges €.84
any value off,, it does not come as a great surprise that the<0.63 and m/4X0.9<f;<7/4x 1.1, still with 0<6,4
target region is of limited extent, and this is a familiar result<0.1. The results are shown in the right panel of Fig. 1. The
[11]. The variation of¢,; away from/4 breaks the identity (purple target region for the source flukg shrinks appre-
¢, =g, of the idealized analysis. ciably and separates from thed region populated by 2,

One goal of neutrino observatories will be to characterizewhich is now tightly confined aroundgy. The (orange
cosmic sources by determining the source mix of neutrinaegion mapped from the source fluk) by oscillations
flavors. It is therefore of interest to examine the outcome ohrinks by about a factor of two in the, and ¢, — ¢, di-
different assumptions about the source. We show in the lefinensions.
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If CPT invariance is not respected in the neutrino sector 1.0

[16], the neutrino and antineutrino mixing matrices need not I//
coincide. The KamLAND experiment's confirmation of 0.9 /
solar-like oscillations ofv, restricts the space o€CPT- 0.8
violating mixing matrices, but Barenboim, Borissov, and 07 /
Lykken [17] have found two illustrative antineutrino solu- : //
tions that respect all existing constraints: 0.6
912:0.6 612: 078 o_e“_’ 0.5
solution 1] 023=0.5 |, solution 2] 6,3=0.52 |, 0.4 /
0,3=0.08 0,3=0.08 0.3 (
9
€) 53 /
These two solutions lead to essentially identical transfer ma- 0.1
trices [cf. Eqg. (6)] that map a standard source mixture of '
antineutrinos into® cpry=1{0.42,0.36,0.2R which is plotted 0.0
as a violet tripod in Fig. 1. Observing./¢.= 2 #1 would B0 €1 02 02 94 05 06 07 08 U8 19
be manifest evidence @PT violation. Although in principle Pe
it might be possible to distinguish the flux mg_and Ve at FIG. 2. (Color online only) The source fluxp? of electron neu-
Earth by observing the resonant formatior,e— W~ trinos reconstructed from the, flux ¢, at Earth, using the ideal

— hadrons, the’e_";e flux is more likely to be the available transfer matrixXgeq Of EE' (7). The hgavy solid Iline refers to our
observable. In the presence ®PT-violating mixing, the ex- chosertl central valtuleelz— 0t'57' Tthgsl)l/gh(t: Elue I'(;"iﬁ reaf?r 0 It_ze
pectation from a standard flux at the source(®cpty) current experimental constrainta 6 C.L), and the thin sol

. — oo lines refer to our projection of future experimental constraints.
=35 (P gt Pcpry) ={0.375,0.35,0.275 which is plotted as

a violet cross in Fig. 1. Distinguishing this value frofn, the neutrino flux at Earth. Suppose we want to test the idea

={3.,3,3} would be extraordinarily challenging. that the source flux has the standard composition of(Eq.
With today’s uncertainty or9,,, a 30% measurement that

Ill. RECONSTRUCTING THE NEUTRINO MIXTURE locatesp,=0.33+0.10 implies only that s¢gs 0.68. For a

AT THE SOURCE measured flux in the neighborhood bf the uncertainty in

the solar mixing angle is of little consequence: the constraint

What can observations of the bledd of neutrinos arriv- hat arises if we assume the central valuggfis not mark-

ing at Earth tell us about the source? Inferring the nature o% 0 o
the processes that generate cosmic neutrinos is more compli rgzlgﬁtter 00032062235 gwguffrﬁan;:asou;;g}?; ?;tahe% re-
cated than it would be in the absence of neutrino oscillations. Pe P

Becausev, and v, are fully mixed—and thus enter identi- Strictive constraint on the na(l)ture of the source. The central
cally in deea,—lt is not possible fully to characterize®. We value for 6, leads to 0.26 ¢¢=0.43, blurred to 0.22 ¢

can, however, reconstruct the fraction at the source as =0.45 with current uncertainties. -
Measuredy, fractions that depart significantly from the

canonical ¢,=3 would suggest nonstandard neutrino
(10 sources. An observed flug.=0.5+0.1 points to a source
flux 0.47<=¢2=<1, with current uncertainties, whereas
=0.25+0.10 indicates & ¢2=<0.35.

0 Pe— X
Pem13x

The reconstructed source flpg is shown in Fig. 2 as a
function of thev, flux at Earth. The heavy solid line repre-

sents _the b_est.—fit value fdat;,; the light blue lines and thin IV. INFLUENCE OF NEUTRINO DECAYS
solid lines indicate the current and future 95% C.L. bounds
on 65. Beacom, Bell, and collaboratofd 8,19 have observed

A possible strategy for beginning to characterize a sourcéhat the decays of unstable neutrinos over cosmic distances
of cosmic neutrinos might proceed by measuring #gév,, can lead to mixtures at Earth that are incompatible with the
ratio and estimatingp, under the plausible assumption— oscillations of stable neutrinos. The candidate decays are
|later to be Checked_th@t’u Q. Let us first note that very transitions between mass 6|gen5tates by emission of a very
large (¢.=0.65) or very small ,=<0.15) v, fluxes cannot light particle, v,—>(vJ , ,)+X Dramatic effects occur when
be accommodated in the standard neutrino-oscillation picthe decaying neutrinos disappear, either by decay to invisible
ture. Observation of an extremg fraction would implicate  products or by decay into active neutrino species so degraded
unconventional physics. in energy that they contribute negligibly to the total flux at

As we have already seen from Fig. 1, constraining thehe lower energy. If the lifetimes of the unstable mass eigen-
source flux sufficiently to test the nature of the neutrino pro-states are short compared with the flight time from source to
duction process will require rather precise determinations oEarth, decay of the unstable neutrinos will be complete, and
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the (unnormalized flavor v,, flux at Earth is given by and» may reach the Earth, so we do not know how to com-
bine neutrino and antineutrino results to compare with
~ _ 0 Q21 12 neutrino-telescope measurements. The analysis of neutrino
¢a(E,) i=§able% @a(E|Ug U4l (12) decays does not change if we rel@RT invariance, because
neutrino mixing is already highly constrained by experiment.
. _~ ~ The Barenboim-Borissov-Lykken antineutrino mixing pa-
with ¢, = ¢, /Zspg5. .
rameterd17] [cf. Eq. (9)] provide examples of what can be

If only the lightest neutrino survives, the flavor mix of . : o .
neutrinos arriving at Earth is determined by the flavor Com_expected for antineutrino decaysIPTis violated. Consider

o ; ; . first the normal mass hierarchy, in whioly and v; both
position of the lightest mass eigenstaitedependent of the 4 X
flavor mix at the source(The flavor mix at the source of decay completely before reaching Earth. The resulting an-

course determines the relative fluxes of the mass eigenstatigeutrino fluxes at Earth arécpr,={0.68,0.28,0.0p and

at the source, and so the rate of surviving neutrinos at Barth® cpmv»,={0.50,0.42,0.08 both characterized by unusually
For a normal mass hierarchy, <m,<m;, the v, flux at  large ratios ofp, /¢, that place them outside the range of
Earth isp,=|U,y|% Accordingly, the neutrino flux at Earth CPT-conserving decays and oscillations alik2g]. In the

iS @ porma{|Ue1|%,|U 41| |U,1|?}=~{0.70,0.17,0.1Bfor our  case of an inverted mass hierarchy, both BBL parameter sets
chosen central values of the mixing angles. If the mass hierpredictd_DCpTan{0.01,0.23,0.75 an unusually small ratio

L s . : B _
archy is invertedm; >m,=>ms, the lightest(hence, stable of ¢,/¢,. Conventional oscillations—oCPT-conserving

neutrino isvg, so the flavor mix at Earth is determined b . .
—|U_42 3In this case. the neutrino flux at Earth i)s/ decays—populate the ternary plots of Fig. 1 along the line
éfnvertedf{meglz U2 |U'3|2}~{0 0508, Both ® | goﬁ:%. CI;T—vioIating defcays offer an example of exotic
st ol S . —homal - nhysics with a very specific signature.
and ®yereq: Which are indicated by crosses{ in Fig. 1, Beacom and Bel[19] have shown that observations of

i =lp.=1 ! X X
Eirf ver_yl?fferroe;tcfézmbthtehgtg;da}rcti ﬂlmfsm_{@?. s ];‘P# solar neutrinos set the most stringent plausible lower bound
—5,¢,=5s proau y ideal transter matnx om a ,, e reduced lifetime of a neutrino of massas 7/m

standard source. Observing either mixture would represent 2 1 5-4 < ;o\ This rather modest limit opens the possibility

deq_?lgufﬁﬁgégr?hg??ggﬂﬁ?poarlneﬁg&ﬁﬁg%lim routefrom that some neutrinos_ do not survive the journey_ from astro-
the sources to Earth are subject to uncertainties in th hysical Sources, W'th. consequences we have Just explored.
. . : . he energies of neutrinos that may be detected in the future
neutrino-mixing matrix. The expectations for the two decayfrom AGNSs and other cosmic sources range over several or-
scer)ari.os are indicated by the biue reogions in Fig. 1, Wher'aers of magnitude, whereas the distances to such sources
T e ot e Wit s LY OVr phiaps on ordr of magniude. The neutino n
certainties, the normal hierarchy populatés 8:61<0.77 ergy sets the neutrino In‘_etlme in the Iabqratory frame; more
’ . ~ Y.’ energetic neutrinos survive over longer flight paths than their
and alloyvs considerable erartures from,=¢,. The lower-energy companion§24]. Under propitious circum-
normal-hierarchy decay region based on current kr'OV\”e‘jggtances of reduced lifetime, path length, and neutrino energy,

overlaps the flavor mixtures that oscillations produce in a might be possible to observe the transition from more en-

pureve source, shown in orar?gélt is, however, far re- ergetic survivor neutrinos to less energetic decayed neutri-
moved from the standard region that encompasbgs.)

With the projected tighter constraints on the mixing angles, If decay is not complete, théunnormalizedl flavor v,

the range inpe swept out by os_cnlatlon fro_m a PUes  fx arriving at Earth from a source at distaricés given by
source or decay from a normal hierarchy shrinks by about a

factor of two. Neutrino decay then populates G%Gh,

=0.74, _and is separated from the oscillations. The degree of ZDQ(EV)ZE E ¢%(Ey)|UBi|2|Uai|Ze_(L/EV)(mi/Ti),
separation between the region populated by normal- ]

hierarchy decay and the one populated by mixing from a (12
purev, source depends on the value of the solar mixing

angle 6,,. For the seemingly unlikely valué,,=7/4, both  \yith the normalized ﬂux‘Pa(Ev):Z’a(Eu)IEﬁZDﬁ(Ey)- An
mechanisms yield ={3,7,5}. idealized case will illustrate the possibilities for observing
With current uncertainties, the inverted hierarchy spanghe onset of neutrino decay and estimating the reduced life-
the range ¢,,,¢,)=(0.34,0.66) to (0.66,0.34), always with time. Assume a normal mass hierarchy,<m,<ms, and
e~0. With the improvements we project in the knowledgelet 73/m;= 75 /m,= 7/m. For a given path length, the neu-
of mixing angles, the range will decrease to,(¢,) trino energy at which the transition occurs from negligible
=(0.42,0.58) to (0.58,0.42), witkp,~0. In both cases, decays to complete decays is determinedrhy. We show
these mixtures are well separated from the mixtures than the left panel of Fig. 3 the energy evolution of the normal-
would result from neutrino oscillations, for any conceivableized neutrino fluxes arriving from a standard source; the en-
source at cosmic distances. ergy scale is appropriate for the casen=1 s/eV andL
Should CPT not be a good symmetry for neutrinos, the =100 Mpc. The result shown there is actually universal—
mass hierarchies and mixing matrices can be different fowithin our simplifying assumptions—provided that the neu-
neutrinos and antineutrinos. Different numbers of stable trino energy scale is renormalized as
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FIG. 3. (Color online only) Energy dependence of normalized, v, , and v, fluxes, for the two-body decay of the two upper mass
eigenstates, with the neutrino sourcelat 100 Mpc from Earth and/m=1 s/eV. The left panel shows the result for a normal mass
hierarchy; the right panel shows the result for an inverted mass hierarchy. With suitable rescaling of the neutrinefiargyL3)], these

plots apply for any combination of path length and reduced lifetime.
(1 s/e\/)
E, =¢
/m sition takes place betweenxdl0'® eV and 3< 10'¢ eV. The
corresponding results for the inverted mass hierarchy are de-
We show in the left panel of Fig. 4 that over about onepicted in the right panels of Figs. 3 and 4, which show a
decade in energy, the flavor mix of neutrinos arriving atrapid transition from®,,yereqt0 Pgig-

L Earth changes from the normal decay fl@,oma, t0 the
100 Mpc)- (13)  standard oscillation fluxpg,y. For the case at hand, the tran-

1009
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FIG. 4. (Color online only) Ternary plots showing the energy dependence of normaliged,, , andv. fluxes, for the two-body decay
of the two upper mass eigenstates, with the neutrino sourlce-400 Mpc from Earth and/m=1 s/eV. The left panel shows the result for
a normal mass hierarchy; the right panel shows the result for an inverted mass hierarchy. Each unlabeled step snijtipli#& With
suitable rescaling of the neutrino enelgy. Eq. (13)], these plots apply for any combination of path length and reduced lifetime.
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If we locate the transition from survivors to decays atmatically. If neutrinos do decay between source and Earth,
neutrino energyE*, then we can estimate the reduced life- the flavor mixture at Earth will be incompatible with the
time in terms of the distance to the source as consequences of the standard source mixture. As constraints

improve on the mixing angleg;, and 6,3, the flavor mix

that results from neutrino decay will separate decisively from
(14 what can be generated by any source mix plus oscillations. In

the best imaginable case for neutrino decays, the neutrino

In practice, ultrahigh-energy neutrinos are likely to arrivefetime might reveal itself in an energy dependence of the

from a multitude of sources at different distances from Earthflavor mix observed at Earth. If neutrinos decay, the fluxes at
so the transition region will be blurrd@5]. Nevertheless, it Ea_rth are very different for normal and inverted mass hierar-

would be rewarding to observe the decay-to-survival transicies- , _ o _
Conventional neutrino oscillations—and conventional

tion, and to use Eq14) to estimate—even within one or two
orders of magnitude—the reduced lifetime. If no evidencedecays—lead to nearly equal fluxes of and v, and so
appears for a flavor mix characteristic of neutrino decay, theROPulate only a portion of the.—¢,—¢, ternary plot. A
Eq. (14) provides a lower bound on the neutrino lifetime. For NeUtrino mixture at Earth that is far from the, = ¢ line
that purpose, the advantage falls to large valuds/&f, and points to unconventional neutrino phy5|®?_TV|oIat|.or! of-
so to the lowest energies at which neutrinos from distan{€S 0neé example of novel behavior, but its predictions are
sources can be observed. Observing the standard digy, tested most _clean!y by observ_lng dlfference_s between neutri-
111 S . . . nos and antineutrinos, for which the experimental prospects
={3,5,5}, which is incompatible with neutrino decay, distinctly limited at ultrahigh energies.
would strengthen the current bound efm by some seven The analysis presented here offers further motivation to
orders of magnitude, for 10-TeV neutrinos from sources ajjeyelop techniques for identifying interactions of ultrahigh-
100 Mpc[19]. energy v, v,, and v,—and for measuring the neutrino
energies—in cubic-kilometer-scale neutrino observatories. If
V. ASSESSMENT this can be achieved, prospects for learning about the prop-

The conventional mechanism for ultrahigh-energy neu_erties of neutrinos and about the nature of cosmic neutrino

trino production in astrophysical sources, when modulatefOurces will be greatly enhanced.
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