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We propose a novel approach for studying— v, oscillations with extragalactic neutrinos. Active galactic
nuclei and gamma ray bursts are believed to be sources of ultrahigh energy muon neutrinos. With distances of
100 Mpc or more, they provide an unusually long baseline for possible detectiepn-efv, with mixing
parametera m? down to 10 17 eV?, many orders of magnitude below the current accelerator experiments. By
solving the coupled transport equations, we show that high-enefgyas they propagate through the Earth,
cascade down in energy, producing the enhancement of the incamifigx in the low energy region, in
contrast with the high-energy,’s, which get absorbed. For an AGN quasar model we findith#ux to be
a factor of 2 to 2.5 larger than the incoming flux in the energy range betwe&e®d\0 and 18 GeV, while for
a GRB fireball model, the enhancement is 10—27 % in the same energy range and for zero nadir angle. This
enhancement decreases with larger nadir angle, thus providing a novel way to searctappearance by
measuring the angular dependence of the muons. To illustrate how the cascade effect mntingdeflux
depend on the steepness of the incoming we show the energy and angular distributions for several generic
cases of the incoming tau neutrino fILB€~E’” forn=1, 2 and 3.6. We show that for the incoming flux that
is not too steep, the signal for the appearance of high-energg/the enhanced production of lower eneygy
and their distinctive angular dependence, due to the contribution fronr tthecay intou just below the
detector.

PACS numbd(s): 96.40.Tv, 14.60.Pq, 98.54.Cm, 98.70.Rz

Recent Super-Kamiokand8uperK measurements of the (AGN) [8], neutrino oscillation hypothesis would be con-
low atmospheriw,, / v, ratio and the strong zenith angle de- firmed and models of these sources would be tested.

pendence of the eventq:l] suggest oscillations of . into The effect of attenuation of the neutrino flux due to inter-
v with the pargmeters 426>0.7 and 1.5 103 2 Am2  actions of neutrinos in the Earth is qualitatively different for
, : .

<1.5x10°2 eV? [1]. This is in agreement with previously “# andv,. Muon neutrinos are absorbed by charged current

reported results on the atmospheric anomaly by Kamiokand'@teracuons' while tau neutrinos are regenerated by tau de-

: . e cays. The Earth never becomes opaque’ to though the
[2] and MACRO[3] and is consistent with limits from other effect of v.— r—v. interaction and decay processes is to

experiments, e.g., CHOOR]. Confirmation ofv,— v 0S-  gegrade the energy of the incident. The identical spectra
cillations and determination of neutrino mixing angles would o v, and v, incident on the Earth emerge after passage
be a crucial indication of the nature of physics beyond thehrough the Earth with distinctly different spectra. The pref-
standard model. The firmest confirmation of this hypothesigrential penetration of . through the Earth is of great im-
would be via detection ofr leptons produced by charged portance for high energy neutrino telescopes such as
current interactions ofv,’s resulting from oscillations of AMANDA, NESTOR and ANTARES.
v,’s, which is extremely difficult with current neutrino ex- ~ We considerv, and v propagation through the Earth
periments. using a similar procedure to the one outlined forin Ref.

In this paper, we propose a study of— v, oscillations [9]. We show that the energy spectrum of thebecomes
with extragalactic neutrinos. Large volume neutrino detecEnhanced atlow energy, providing a distinctive signature for

tors and the prospect of astrophysical neutrino sources put its detection. The degree of enhancement depends on the
prosp by PUl nitial neutrino flux. We consider initial fluxeB°~E " for

detection in the realm of possibilifyp]. The large distances n=12,3.6, a GRB fluf7] and an AGN flux(8]. We solve

involved for astrophysical sources, on the order of one 1Qne coypled transport equations for lepton and neutrino
thousands of Megaparsecs, make the next generation of negiyxes as indicated below.

trino experiments potentially sensitive to neutrino mass dif- et F, (E,X) and F,(E,X) be the differential energy

2 — 17 2
ferences as low aam"~10""" eV [6]. Over such long  spectrum of tau neutrinos and tau respectively at a column
baselines, half of the neutrinos arriving at the Earth would bgjepthX in the medium defined by

v,'s in oscillation scenarios, the other half being's. By .
observing bothv,, and v from extragalactic sources such as X:J p(L")dL’
gamma ray burst§GRB9 [7] and active galactic nuclei 0 '
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wherep(L) is the density of the medium at a distarickom  whereN; is the number of scatterefisin 1 g of themedium,

the boundary measured along the neutrino beam path. Thes!%(E) is the total cross section for thel interactions and

one can derive the following cascade equation for neutrinoghe sum is over all scatterer type§£N,e, ...), £, is the

as mean lifetime of tau an@ is the density of matter in the
earth. Scatterings of neutrinos and taus with nuclébhsre
dF, (E,X) F, (E,X) most important, so we approximate
X X, (E)
T - —ZN()O':,OK(E),
= [F,(E,X)]dn \,(E) N
+ | dE| ———|-—=
fE Y A, (Ey) |dE whereN, is Avogadro’s number. We use the CTEQS5 parton
) distribution functions to evaluate neutrino cross sections
X(v.N—vXEy,E) [11]. We have previously calculated charged and neutral cur-
- [E(E. ]d rent energy distributionsin/dE, and the total cross section,
+f dE ~+(Ey.X)dn o'9(E) taking into account recent improvements in our
E y_ pﬂeC(Ey) dE knowledge of the small-x behavior of the structure functions
[12].
°° F.(E,.,X)|dn impli i i
X (17— VTX;Ey1E)+f dE, AEy,X) - To S|mp_l|fy the solution to the equation f_or the tau flux,
E ANA(Ey) |dE we approximate th& and 6 dependent density of the earth
by the average of the density along the column depth of
X(TN—=vXEy,E) (1) angles:
and for taus as e(X,0)=0%9(0).
Following Ref.[9], let us define the effective absorption
IFA(EX) _ FAEX)  FAEX) length A (E,X) by
28 M(E)  p9eE X, 0) «
= [F,(Ey.X)]dn FV(E,X):FS(E)GXF{—W}- ()
+JEdEy )\,,(—Ey) E(VTN—”-XvEva)- - - -
T It is convenient to define
2
~\(E)
The first term in Eq.(1) is a loss due to the neutrino A(BX)= 1-Z,(E,X) @

interactions, the second is the regeneration term due to the
neutral current, the third term is a contribution due to the tawhereZ,(E,X) is a positive functioriwe will call it Z factor
decay and the last term is the contribution due to tau interin analogy with the hadronic cascade theomhich contains
actions. the complete information about neutrino interaction and re-
In Eq. (2), the first term is a loss due to tau interactions,generation in matter.
the second term is a loss due to the tau decay, while the last Assuming that there is no significant contribution to the
term is a contribution from neutrino charged current interacneutrino flux from decaying particleggs would be the case
tions. Tau decays are more important than tau interactions &r muon neutrinosusing the above equation we can find an
the energies considered here, belovWf GkV. Tau charged implicit equation forZ from the transport equatiof®],
current interaction length and the photonuclear interaction
length both become comparable to the tau decay length at 1 ne 1—-e *PuEEX)
E>10° GeV. The tau energy loss, in principle, affects the Zv(E’X):L 7.y, E)®,7(y,E) XD,(E,E,,X) dy,
shape of the tau neutrino energy spectrum by enhancing the (5)
lower energy parf10]. However, for the fluxes that we con-
sider, which are quite steep at energies above@€V, this  where
effect is negligible. Thus, we neglect the tau interaction
terms in Eqs(1) and(2) in what follows. 1 1
Here \(E) is the interaction length and®%E,X,6) is D.(E.Ey.X)= A (Ey,X) A L(E,X)
the decay length for tau. They are defined as

1 S L
B =2 NoE), T FEa-y)
do—V — V. (y’E ) nc 0
pU(E X, 0)= ycL,0(X, 6) =y BB
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anddo,y_,,x(Y,E)/dy is the differential cross section for LA '

the inclusive reactioN— vX (with E, the incoming neu- & ! e

trino energy andy the fraction of energy logtand E, g Wy

=E/(1-y). e A oo i
Naumov and Perrong9] have shown that by iteratively = e e T , e

evaluating Eq.(5), starting withZ(®=0, the solution for 0.01 bttt g g sttt g et

. . . 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
muon neutrinos quickly converges for a wide range of start- o(degrees) #(degrees) 8(degrees)

ing fluxes.

gBy a similar procedure, the coupled differential equations FIG. 1. The nadir angle dependence of the ratio of fluxes for
for tau neutrinos including tau production and decay can b&"€'9ies 1bGeV, 16 GeV and 16 GeV for the,, andw, assum-
iteratively solved. The tau flux generated by charged currenfd F»(E)~E™" with n=1, 2 and 3.6.
interactions including the loss term due to its decay is

FAEX)
FOE) ““(E 0)
e
xXexpg — dXx'd
A(Ey,X") deq(E, 9)

The Z factor for the tau neutrino flux is then

at the X value for the surface of the earth and for energies
1P°%(y,E) 104 GeV, 10 GeV and 16 GeV for v, and v, assuming
f f \,(E) 5 "VE F° ,(E) given by Eq.(9). For an mcommg fluxn=1, we find
that thev . flux is enhancedrelative to the incoming . flux)
for all nadir angles foE, =10 GeV and 16 GeV, and for
Y. 0>50° for E, =10° GeV. The peak of the enhancement
gets shifted toward the higher nadir angles as the energy
(6) increases. This is due to the fact that high energycan
remain high energy if the column depth is small, i.e. for large
nadir angles. In case of the steeper incoming ftux,2, we

Z2=72,+7, (7)  find thatv's are less attenuated than thg's, and the ex-
pected enhancement at low energy is not evident due to the
whereZ, is given by Eq.(5) and steepness of the flux. For even steeper flux,3.6, the dif-
ference betweem, and v, flux is very small.
L N(E) P In Fig. 2 we show the energy dependence of the ratio of
= DY, E) n,(y,E) o o
dec(E 9) v fluxes for nadir angleg=0, 6=30° and#=60° for v, and

v, with FO(E) given by Eq.(9). For small nadir angles9
[{ X' FAE,,X") oy @® =0 and 30° andF%(E)~ 1/E we find that enhancement of
xexg — ; "dy. tau neutrinos is in the energy range of°1GeV and 18
AJEy X)) FYE) gy rang

GeV, while for #=60°, the enhancement extends up t§ 10
We include decay modes ih%®Y(y,E) as in Ref[13] and

a constant energy distribution for the remaining branching

fraction not included there. In Egé) and(8), the Z factors g
implicit in A, areZ=2,+Z,. % ol N \
In the iterative solution of the equation fdr one has the £ R N e
option of picking the initial value&®). We have chosen the *
X and E dependent solution to the cascade equation for the 00 o e 00 e e s s ™ s
v,, flux, namely the solution to Eq5). Ey(GeV) E,(GeV) E,(GeV)
To demonstrate the importance of regeneration of tau neu R 2 . 2
trinos from tau decays, we evaluate the tau neutrino flux forg 1 41 1 1
several input neutrino spectra and compare to the attenuates 05 N 05
v, flux. For the incoming neutrino spectrum we U9 a3 e s
e . 02 6=30° : 0.2 6=30°
O(E) K(—O ¢( —), (9) 0.102 1(;3 1(;‘ 1(;5 10° 0.102 1(‘)3 1(I>“ 1(;5 10° o'ioz 1:)3 1(;4 1(‘)5 10°
E Ecut E,(GeV) E,(GeV) E,(GeV)
T T T 2 T T 2 T T
whereK, n, E; andE; are parameters and(t) is a func- _
tion equal to 0 at=1 and 1 att<1. We use¢(t)=111 o‘Z’ 1*‘/\
+tan(mt/2)] (t<1) and E.,=3x10"Y GeV and E,=1 3 05
PeV. Forn=1, we introduce a smooth cutoff by multiplying & [ ., ozf 222, oaf 220
Eq. (9) by a factor (HE/Ey) 2 and by settingEy=100 I O S

PeV. To evaluate the depth as a function of nadir angle, the —10* 10° 10* 10° 10° 10* 10° 10* 10° 10° 10* 10° 10* 10° 10°
density profile of the earth described in REf2] is used. EAGY) FuA0eV) BulGe)

In Fig. 1 we show the nadir angle dependence of the ratios F|G. 2. The energy dependence of the ratio of fluxes for nadir
of the fluxes calculated via Eq$1)—(8) to the input flux ang|esg 0, #=30° and¢=60° for v, and v, assumingF’(E)
FO(E). All fluxes are evaluated as a function of nadir angle,~E~" with n=1, 2 and 3.6.
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T T T T 2 T T T 2 T T 2 T T

2 2 10* Gev
= I U R S N S B/ 1T 4 1T R E
STt 4 1 S S B
& =
X & os 05
3 05 0.5 o = \
2 . ’ AGN [s8] 7 = GRB [¥B] GRB [¥B] GRB [WB]
o o | AGN [ss] 0. | 46N [ss] Y, =02 0z | 0.2

5=0° 8=30° L 10° gev a=0° 8=30° 6=60°
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FIG. 3. The energy dependence of the ratio of fluxes for a FIG. 4. The energy dependence of the ratio of the fluxes for a
Stecker-Salamon AGN modg8]. Waxman-Bahcall GRB modér].

GeV. In contrast thev,, flux is attenuated for all the nadir forZ%rh;ﬁge?jnﬁ]ﬂisr’astSgr%}esgﬁ{]gﬁ22?2:2? cv)\liorzll?olr?s()léome
oobars o b attenuatetl ot high oncrares. althoudh e trIg™ muonic decays of the produced by, charged current
PP 9 gies, 9 INteractions in or near the instrumented detector volume. The

the v, flux. Forn=3.6, the energy dependence of these twomuon rates would be enhanced at low energylQ— 100

fluxes is very similar, they are both reduced at high energiesrev) and for small nadir angles. In the case of an AGN
and the effect is stronger for smaller nadir angle, since in thi asar model, we find that the f|l.JX enhancement is very
case the column depth is larger and there are more chargefisinct, while for a GRB fireball model, the effect is only
current interactions possible. , 10-27%. This is due to the fact that GRB input flux is

In case of the AGN quasar modd], we find that thev,  mych steeper, thus there are not many high-enertgythat
flux is a factor of 2 to 2.5 times larger than the input flux, for would contribute to the enhancement at low energy. We have
nadir angle,#=0. This is shown in Fig. 3. For larger angles, also shown that the low energy pile up is significant only for
the effect is smaller. Detection of AGN neutrinos would beincoming fluxes that are less steep tha&?lin the high
optimal for small nadir angles and fer, with energy of 18 energy region. For an incoming flux which is proportional to
GeV to 10 GeV. 1/E, we find the angular distribution of.'s to be signifi-

We also present results for the flux for the case of GRB  cantly different than for the’,,’s.
fireball model[7]. We find that due to the steepness of the We have proposed a novel way of detecting appearance of
input flux forEVT> 100 TeV, thev, flux is enhanced only by extragalactic high-energy, by measuring the angular and

about 10-27%, depending on the energy and nadir angle. WgN€rgy distribution of muons with energy above 10 TeV.

; ; This would give an experimental signaturegf— v . oscil-
show the energy spectrum of the ratiowgfflux to the input . . T
flux EO in Fig iy P P lations withAm? as low as 107 eV,

We expect that the next generation of neutrino telescopes e are grateful to F. Halzen and D. Seckel for stimulating
will be able to detect the high energy neutrinos from AGN discussions. The work of S.I. and I.S. has been supported in
and GRBs. We have previously shown that most of the expart by the DOE under Contract DE-FG02-95ER40906. The
tragalactic neutrino fluxes exceed the atmospheric neutringork of M.H.R. has been supported in part by National Sci-
background for neutrino energy greater thahO TeV which  ence Foundation Grant No. PHY-9802403. M.H.R and |.S.
may enable the detection of the extragalactic neutrjdi@  thank Aspen Center for Physics for its hospitality while part
Detection of PeVv, might be possible via “double-bang” of this work was completed. Upon completion of this work,
events, namely a big hadronic shower from the incoming we received a conference paper by Bottai and Becattini who
charged-current interaction,7atrack and after about 100 m, had obtained similar results using a Monte Carlo calculation
another big particle cascade from thalecay[5]. for a 1E flux [14].
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