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Abstract

We present a semi-analytic calculation on the atmospheric tau neutrino flux in the GeV to TeV energy range. The atmospheric v, flux
is calculated for the entire zenith angle range. This flux is contributed by the oscillations of muon neutrinos coming from the two-body =
and K decays and the three-body p* decays, and the intrinsic tau neutrino flux surviving the oscillations. The uncertainties in our cal-
culations are discussed in detail. The implications of our result are also discussed.
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1. Introduction

The flux of atmospheric tau neutrinos in the GeV to TeV
energy range comes from both the intrinsic atmospheric v,
flux and the flux due to the neutrino flavor oscillation
v, — v;. The importance of understanding such a flux is
twofold. First, the detection of atmospheric v, flux is
important for confirming the atmospheric v, — v, oscilla-
tion scenario which is so far established only by the v, dis-
appearance measurement [1]. Second, the atmospheric v,
flux is also an important background for the search of
astrophysical v, fluxes [2,3] or exotic v, fluxes such as those
arising from dark matter annihilations [4], if an effective
tau neutrino astronomy can be developed in the future.
The techniques for identifying the tau neutrinos in the
GeV to TeV energy range are discussed both in the exper-
iments for atmospheric tau neutrinos [5] and in the acceler-
ator-based neutrino experiments [6,7]. Due to growing
attentions on the direct v, detections, it is important to
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investigate closely the flux of atmospheric tau neutrinos
in such an energy range.

The calculation of atmospheric v, and v, fluxes has
reached to a rather advanced stage [8]. The upward atmo-
spheric v, flux can be calculated easily from the above v,
flux by multiplying the v, — v, oscillation probability aris-
ing from neutrino propagation inside the Earth. In such a
case, the v, — v, oscillations in the atmosphere is generally
negligible. However, the atmospheric neutrino coming with
a zenith angle ¢ less than 90° directly arrives at the detec-
tor. Hence oscillations of these neutrinos in the atmosphere
are precisely the problems one has to deal with. In this
regard, an estimation of the atmospheric v, flux is given
in Ref. [2] for the two-flavor neutrino oscillation frame-
work [9]. A detailed calculation of this flux in the same neu-
trino oscillation framework is given in [10] for zenith angles
0 < € < 60°, where the Earth curvature can be neglected in
the calculation. The extension of such a calculation to large
zenith angles is important. First of all, the path-length for
the neutrino propagation in the atmosphere increases dras-
tically from ¢ = 60° to ¢ = 90°. As a result, the atmospheric
v, flux also increases drastically in this zenith angle range
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by the enhanced v, — v oscillation probabilities. Secondly,
the calculation of upward atmospheric v, flux is also impor-
tant since most of the neutrino telescopes aim at detecting
upward neutrino fluxes. In this paper, we shall extend the
calculation in [10] to the entire zenith angle range.

The calculations of atmospheric v, flux for zenith angles
60° < & < 90° and zenith angles slightly larger than 90° are
much more involved as we shall discuss later. Besides
extending our previous calculation to the entire zenith
angles, we also extend its validity from the energy range
E, > 10GeV to the energy range E, > 1 GeV. This
improvement is accomplished by including the muon decay
contribution u* — v,v.et and y~ — v,v.e” to the intrinsic
atmospheric v, flux, in additional to those arising from
two-body = and K decays. Such a contribution also gener-
ates v, flux by v, — v; oscillations. This part of v, flux is
non-negligible for E, < 10 GeV. Furthermore, it contrib-
utes to the total v, flux in a growing percentage as the
zenith angle ¢ increases.

The paper is organized as follows. In Section 2, we intro-
duce the method for calculating the intrinsic muon and tau
neutrino fluxes. Particularly we outline the strategy for
dealing with atmospheric neutrino flux for £ > 60°. In Sec-
tion 3, we present the atmospheric tau neutrino flux taking
into account the neutrino flavor oscillations. We discuss
implications of our results in Section 4.

2. The intrinsic atmospheric neutrino fluxes
2.1. Intrinsic atmospheric muon neutrino flux

We follow the approach in [11] for computing the flux of
intrinsic atmospheric muon neutrinos which could oscillate
into tau neutrinos. This approach computes the flux of muon
neutrinos coming from pion and kaon decays. The method
for computing muon neutrinos arising from muon decays
will be discussed later. The v, flux arising from n decays reads
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where E is the neutrino energy, ¢ is the zenith angle in the
direction of incident cosmic-ray nucleons, r, = m, /m’., d, is
the pion decay length in units of g/cm?, Ay is the nucleon
interaction length while Ay is the corresponding nucleon
attenuation length, and ¢(Ey) is the primary cosmic-ray
spectrum. For the simplicity in discussions, we only con-
sider the proton component of ¢, which is given by [§8]
—2.74

¢,(E,) = 1.49 - (E, + 2.15 - exp(—0.21\/E,)) 2)

in units of em2s~! st~ GeV~!. Since our concerned en-

ergy range for the primary cosmic ray flux is between

10' GeV and 10° GeV per nucleon (corresponding to
roughly a neutrino energy range between 10° GeV and
10* GeV), the contribution by the heavier nuclei on the
neutrino flux is between 25% and 40% according to
Fig. 7 of Ref. [8]. Hence one expects the eventual atmo-
spheric v, flux is underestimated by 25% to 40% by consid-
ering only the proton component of the primary cosmic ray
flux. The function P.(E., X, X’) is the probability that a
charged pion produced at the slant depth X’ (g/cm?) sur-
vives to the depth X (>X'), Fy(E,, Ex) is the normalized
inclusive cross section for N + air — 7 + Y given by [11]:
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(3)
where x=E,/Ey, ¢+=092, ¢_=0.81, p.=4.1, and
p_ =4.8. We remark that ¢, (1 —x)™ corresponds to the
7t production while c_(1 — x)- corresponds to the n~ pro-
duction. The kaon contribution to the atmospheric v, flux
has the same form as Eq. (1) with an inclusion of the
branching ratio B(K— uv)=0.635 and appropriate
replacements in kinematic factors and the normalized
inclusive cross section. In particular, Fyx(Ex, Ex) can be
parameterized as Eq. (3) with ¢4 =0.037, c¢_ =0.045,
p+=0.87, and p_ =3.5. Finally the nucleon interaction
length, Ay, and the nucleon attenuation length, Ay, are
both model dependent. A simplified approach based upon
the Feynman scaling renders both /5 and Ay energy inde-
pendent and Z,,=1— 1,/4,=0.263 [12,13], whereas a
PYTHIA [14] calculation give rise to an energy dependent
Z,, [15]. Both results on Z,,, are compared in Fig. 1 where
we have extrapolated the energy dependent Z,,(E) in Ref.
[15] down to E =1 GeV. The above two approaches for
calculating the hadronic Z moments also give rise to differ-
ent results for Z,, Zxx, Znr and Z g, where the last two
Z-moments are related to the productions of pions and
kaons by the nucleon-air collisions. In this paper, we shall
only study the Z,, dependence of the atmospheric v, flux
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Fig. 1. The comparison of Z,, obtained by assuming the Feynman scaling
[12] and that obtained by PYTHIA [15]. Our extrapolation of the latter
result is also shown.
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(and consequently the atmospheric v, flux) since the depen-
dencies of this flux on Zy, and Zyg have been studied in
[16]. Furthermore, compared to the Z,, case, the values
of Z,. and Zgg obtained by the Feynman scaling do not
differ significantly from those obtained by the PYTHIA
calculations, as seen from [15].

To proceed for calculating dszM (E, &, X)/dEdX, we
note that P(E,, X, X’) is given by [13]

X-X mec (X dT
o) e (% L)
(4)
where A, = 160 g/cm? is the pion attenuation constant, 7,
is the pion lifetime at its rest frame, while p(7) is the atmo-
sphere mass density at the slant depth 7. For £ < 60°, the
curvature of the Earth can be neglected so that
p(T) = T cos &/hy with hg = 6.4 km the scale height for an
exponential atmosphere. In this approximation, the above
survival probability can be written as [11]

X _X/ X/ fﬂ/Eﬂ cos &
=& e

where €, = m,c*ho/ct, is the pion decay constant. Depend-
ing on the zenith angle, we apply either Eq. (4) or Eq. (5) to
perform the calculations. The kaon survival probability
Pr(Ex, X, X') has the same form as P, (E,, X, X’) except
replacing A, with Ag and €, with eg. The two-body decay
contribution to the atmospheric v, flux is given by the sum
of d’N7 (E, ¢, X)/dEAX and d°N? (E, ¢, X)/dEAX.

We recall that Eq. (1) and its correspondmg form in the
kaon decay case only calculate the flux of muon neutrinos
arising from two-body pion and kaon decays. To calculate
the contribution from three-body muon decays, it is useful
to first obtain the muon flux [11]:
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where E’ and E are muon energies at slant depths X” and
X, respectively, while P,(E, X, X") is the muon survival
probability given by [13]
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(7)
where 7, is the muon lifetime at its rest frame and
E(T — X" ,E') is the muon energy at the slant depth 7" with
E’ the muon energy at its production point X”. For the
zenith angle ¢ < 60°, the above survival probability can
be written as [11]
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with €, = m,c*hy/ct, the muon decay constant and
o~ 2 MeV/g/ecm? characterizing the muon ionization loss
in the medium [17]. Since the muons are polarized, it is con-
venient to keep track of the right-handed and left-handed
muon fluxes separately. The probability for a produced
w~ to be right-handed or left-handed is determined by the
muon polarization [18,19]:

1+, 21,
Pulx) = l—rn_(l—rn)x’ ®)
with x=E,/E, and r,=m/m.. Hence Pg.(x)=

1(1£P,(x)) are the probabilities for the produced muon
to be right-handed or left-handed respectively. The polari-
zation for " has an opposite sign to that of x~. The prob-
abilities Pg (x) should be inserted into Eq. (6) for
obtaining four different components of the muon flux:
dNZ;/dE, dNZ,;/dE’ dNZz/dE, and dNZ;/dE' There are
additional four components of the muon flux arising from
the kaon decays. The calculation of these components pro-

ceeds in the same way as the pion decay case. The v, flux
resulting from the muon flux is then given by [13]

2 a7ut 00
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where d,(E,, X) is the muon decay length in units of g/cm?

at the slant depth Xand F._, (E/E,) is the decay distribu-
tion of u= — v,. Precisely, in the ultra-relativistic limit, one
has [13]

Fu—,(v) = 200) + Pugi(v), (11)

with go(y) = 5/3 = 377 + 4’3, q1(n) = 1/3 = 3> + 8/3.
We do not include the charm-hadron decay contribution
to the muon neutrino flux. It is shown in Ref. [10] that
charm-hadron decays contribute less than 5% to the overall
muon neutrino flux for E, < 10° GeV.

2.2. Intrinsic atmospheric tau neutrino flux

To completely determine the atmospheric tau neutrino
flux, we also need to calculate its intrinsic component.
Since the flux of intrinsic atmospheric v, arises from D,
decays, one calculates this flux by solving the following cas-
cade equations [12]:

do,(E,X) ¢, b,

o g, Ty,

dx )‘DA dDS PPs /1 /“DA
dd)vf (E5 X) -7 (t)DS

dX Dygv de )
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where the particle flux d¢(E, X)/dX denotes d*N{(E, X)/
dEdX, d; and A; denote particle’s decay and interaction
length in g/cm? respectively, and the Z moments Z,; are

defined by
* L GE) A(E;) dniy (Ei E))
Z[' E;) = dE, ) . )
) / OE) H(E)  dE,

with dnyy_ vy (Ei, E;) = do—jy(Ei, E;)/014(E;). In the decay
process, the scattering length A; is replaced by the decay
length d; while dn;_;y(E;,E;)/dE; is replaced by the
decay distribution F;_(E;/E;). In our concerned energy
range, the chain of equations in (12) can be easily solved
by simplifying the second equation, namely by neglecting
terms ¢, /Ap, and Zp p ¢;, /Ap,. One obtains

ENEX) 20 (E)Zp (E) oxp(-X/A)b,(E)
dEdX '

1-2, (E) 4y
We use two different values for Z,, =1 — 4,/4, as shown
in Fig. 1. To determine Z,p, it is necessary to calculate
doi—p,v(Ey, Ep,)/dEp,. Since D, meson is heavy enough,
the above differential cross section is calculable using per-
turbative QCD [20]. In this work, the next-to-leading order
(NLO) perturbative QCD [21,22] with CTEQ6 parton dis-
tribution functions [23] are employed to calculate the differ-
ential cross section of pd — cé. To obtain do,_py
(E,,Ep,)/dEp,, we multiply the charm quark differential
cross section by the probability factor 13% to account for
the fragmentation process ¢ — D, [20]. In Fig. 2, we com-
pare our Z,, to a previous result obtained by the CTEQ3
parton distribution functions [24]. In the latter work, the
NLO pertubative QCD effects are taken into account by
the K factor defined by
dO'NLO (E, XE)/d)CE

K& xe) = da™O(E, xg) /dxg (13)
where do'C(E,x;)/dx; and do™'©(E, xg)/dx; are leading
order and next-to-leading order differential cross sections
for pA — ct, respectively, with xp = E./E,. For QCD ren-

(13)

- CTEQBM

10’ 10° 10° 10" 10°
E (GeV)

Fig. 2. The Z moment Z,, obtained by perturbative QCD with CTEQ3
and CTEQG6 parton distribution functions, respectively.

ormalization scale u=m, and the factorization scale
M = 2m,, the K factor is fitted to be [24]

K(E,xz) =136+ 0.421In(In(E/GeV))
+ (3.40 F18.7(E/GeV) " — 0.0791n(E/GeV))xgs.
(16)

We apply this K factor to our calculation with CTEQG6 par-
ton distribution functions. Comparing this result with that
obtained by applying CTEQ3 parton distribution func-
tions, one acquires an idea on the uncertainty of perturba-
tive QCD approach to the charm hadron production cross
section. It is seen from Fig. 2 that both Z moments agree
well for energies below TeV. For E =10 TeV, they differ
by about 30%.

Besides perturbative QCD approach, there are non-per-
turbative approach for computing the charm hadron pro-
duction cross section. In fact, such non-perturbative
approaches [25,26] are motivated to accommodate acceler-
ator data on strange particle productions, which are under-
estimated by the perturbative QCD approach. It is desirable
to apply these approaches to charm hadron productions.
The quark-gluon-string-model (QGSM) [25] is a non-
perturbative approach based upon the string fragmen-
tation, where the model parameters are tuned to the
production cross section of strange particles. The recombi-
nation-quark-parton-model (RQPM) [26] s also a phenom-
enological approach which takes into account the
contribution of the intrinsic charm in the nucleon to the
charm hadron production cross section. Detailed compari-
sons of these two models with perturbative QCD approach
on the charm hadron productions are given in [27]. It is
shown that perturbative QCD approach gives the smallest
charm production Z moments. It is clear that the model
dependencies on the charm hadron productions affect both
the prompt atmospheric muon neutrino flux and the intrin-
sic atmospheric tau neutrino flux. A detailed study on the
model dependencies of the intrinsic atmospheric tau neutrino
flux is given in [28]. We shall further discuss these model
dependencies after commenting on the Z moment Zp,,. .

We note that Zp,. is related to the energy distributions
of the Dy decays into tau neutrinos. One arises from the
decay Dy — v.7, and the other follows from the subsequent
tau-lepton decay, Tt — v, + X. The latter contribution is cal-
culated using the decay distributions of the decay modes
T— VP, T— Voo, T — veaq [29,20], and © — v v, [12,13].

The uncertainty of intrinsic atmospheric v, flux due to
different approaches for Z,, is negligible. The main uncer-
tainty of this flux is due to the model dependence of the Z-
moment Z,, . Within the perturbative QCD approach, the
dependence of this flux on the parton distribution functions
is shown in Fig. 3. It is easily seen that the intrinsic
atmospheric v, flux is not sensitive to parton distribution
functions for E<10°GeV. However, at E=10*GeV,
both fluxes differ by almost 50%. Incorporating the non-
perturbative approaches for charm hadron productions
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Fig. 3. The comparison of intrinsic atmospheric v, fluxes calculated by
perturbative QCD with CTEQ3 and CTEQG6 parton distribution func-
tions, respectively.

[25,26], the uncertainties of intrinsic atmospheric v, flux is
depicted in Fig. 4. It is seen that the minimal v, flux in
Ref. [28] is consistent with our v, flux calculated by pertur-
bative QCD with CTEQ6 parton distribution functions.
On the other hand, the maximal flux shown in Fig. 4 is
almost one order of magnitude larger than the minimal
one. This maximal flux is given by the RQPM model below
300 GeV while it is given by the QGSM model beyond this
energy [30]. We remark that the original minimal and max-
imal v, fluxes in Ref. [28] correspond to different sets of pri-
mary cosmic ray flux, which is considered as one of the
uncertainties for the v, flux. However, we have re-scaled
these fluxes to a common cosmic ray flux, Eq. (2), used in
this paper. We also note that the uncertainty of intrinsic
atmospheric v, flux provided by Ref. [28] starts at E=
100 GeV, while our calculation of this flux starts at
E=10GeV.

It is interesting to see how much the uncertainty of the
intrinsic v, flux could affect the determination of the v, flux
taking into account the oscillation effect. In the next sec-
tion, we shall study this issue with respect to the upward

<,
3

dN, /d(log, E) (cm'zs'1sr'1)
3

e
T

---- Costa et al. (maximum)
—— Costa et al. (minimum)
------ CTEQ6M

10-13 " " ia a1l " " i1 a1l n n 1011
10’ 10° 10° 10
E (GeV)

Fig. 4. The model dependencies of intrinsic atmospheric v, flux. The
minimal flux from Ref. [28] is given by perturbative QCD. The maximal
flux from the same reference is given by RQPM model for £ < 300 GeV,
and by QGSM model for E > 300 GeV.

atmospheric v, flux where the oscillation effect is the
largest.

3. The atmospheric tau neutrino flux with oscillations

3.1. The downward and horizontal atmospheric tau neutrino
fluxes

The atmospheric tau neutrino flux can be calculated
using

dNVI (E’ f) B /Xmax(é)
e,

d’N,, (E,&,X)

dEdX 'P\’“HVI(E7L(X, é))

d’N, (E, &, X
. (E,$X)

dEdX (1 _Pv!,H\'I(EaL(X7 f))) )

(17)

where P, ., (E,L(X,¢&)) = sin’ 20,5 sin*(1.27Am3,L/E) is
the v, — v, oscillation probability, assuming a vanishing
3. We have used the notation dN,_(E,¢)/dE to denote
the atmospheric v, flux taking into account the oscillation
effect. The unit of Am3, is eV? while L and E are in units
of km and GeV, respectively. A recent SK analysis of the
atmospheric neutrino data implies [1]

Am?, = (1.9 = 3.0) x 107 eV?,  sin* 205 > 0.9. (18)

This is a 90% C.L. range with the best fit values given by
Am?, = 2.4 x 10 eV? and sin®20,3 = 1, respectively.

3.1.1. Meson decay contributions

Using the best fit values of neutrino oscillation parame-
ters, we obtain atmospheric tau neutrino fluxes for
cos¢=0.2,04,...,1 as depicted in Fig. 5. This set of
result is obtained by using an energy independent Z
moment, Z,,=1— 4,/4,=0.263 mentioned earlier. For
the v, flux on the R.H.S. of Eq. (17), we only include the
two-body pion and kaon decay contributions. The muon
decay contribution to this flux will be presented later.

S S, <

(log,E) (cm’s™'sr”)

Ve
S,

dN_/d

-
S,

E(Am’, =24+ 107V, sin’20,, = 1)
1043' N o0 sl N Ll " Loa s aaaal n A1 11y
10° 10 107 10° 10*
E (GeV)

Fig. 5. The atmospheric v, flux for cos¢ =0, 0.2, 0.4, 0.6, 0.8 and 1 (from
top to bottom) with sin22623 =1, Am§1 =24 %1073 eV?, and Zyy=
0.263.
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Fig. 6. The downward atmospheric v, flux (solid line) as the sum of its
oscillated (dotted line) and intrinsic (dashed line) components.

The intrinsic v, flux in the same equation is taken to be that
calculated by perturbative QCD with CTEQ6 parton distri-
bution functions [23]. It is instructive to separately present
the oscillated and intrinsic atmospheric v, fluxes corre-
sponding to the two terms on the R.H.S. of Eq. (17). This
is done for ¢ = 0° in Fig. 6. We see that the oscillated and
intrinsic atmospheric v, fluxes cross at E ~ 20 GeV, indi-
cating that the v, — v; oscillation effect becomes important
for £ <20 GeV for such a zenith angle.

We note that the atmospheric v, flux increases as ¢
increases from 0° to 90°. There are two crucial factors dictat-
ing the angular dependence of such a flux. First, the atmo-
sphere depth traversed by the cosmic ray particles
increases as the zenith angle ¢ increases. Second, the atmo-
spheric muon neutrinos are on-average produced more far
away from the ground detector for a larger zenith angle,
implying a larger v, — v, oscillation probability. In fact,
the neutrino path-length dependencies on the zenith angle
¢ and the neutrino energy E have been studied carefully by
the Monte-Carlo simulation [31]. Our semi-analytic
approach reproduces these dependencies very well. It is
found that, for £ = 10 GeV and cos & = 1 (¢ = 0°), the aver-
age neutrino path-length from the v, production point to the
ground detector is 14 km. The average neutrino path-length
increases to 45 km and 650 km for & = 66° (cos ¢ = 0.4) and
£ =90°, respectively. The huge path-length of horizontal
neutrinos makes the v, flux in this direction two orders of
magnitude larger than the downward v, flux. It is also inter-
esting to note that the horizontal v, flux for E approaching
1 GeV begins to show oscillatory behavior. This is because,
for E=1GeV and Am} =24 x 107 eV?, Lo =4E/
Am3; =~ 330 km which is already shorter than the average
neutrino path-length at this zenith angle.

We stress that our calculation procedures for cos & > 0.5
and cos ¢ < 0.5 are different. In the former case, the curva-
ture of the Earth can be neglected and the pion or kaon
survival probability in the atmosphere is approximated
by Eq. (5). This is the approach we adopted in Ref. [10].
For cosé <0.5, i.e., £ > 60°, we use Eq. (4) for the meson
survival probability. In this case the calculation is much

more involved as the meson survival probability in Eq.
(4) contains an additional integration. It has been pointed
out in Ref. [31] that one may apply Eq. (5) for calculating
the path-length distribution of neutrinos for &> 60° so
long as one replaces cos¢ by coseré, where the latter is a
fitted function of the former. Precisely speaking, by fitting
the analytic calculation based upon Eq. (5) [13] to the
Monte-Carlo calculation, the relations between cos¢ and
cosg¢ can be found, which are tabulated in [31]. Extrapo-
lating such a relation, we find that cos.zé=0.05 for
cos¢ = 0. Using this coseré with Eq. (5), we also calculate
the atmospheric v, flux. The result is compared with that
obtained by the full calculation (applying Eq. (4)) as shown
in Fig. 7. Both results agree very well. Such an agreement
makes our calculation compelling and also validates the
above extrapolation on cos.g¢.

We have so far computed the atmospheric neutrino flux
with an energy independent Z moment, Z,,=1— 7,/
A, =0.263. It is important to check the sensitivity of atmo-
spheric v, flux on the values of Z,,. We recall that different
results for Z,, are shown in Fig. 1. At energies between
102 GeV and 10° GeV, the values of Z,, generated by
PYTHIA [14] slightly depend on the energy and roughly
twice larger than the value we have so far used for calcula-
tions. We check the effect of Z,, by calculating the atmo-
spheric v, flux with the PYTHIA-generated Z,,. The
comparison of this result with the earlier one obtained by
setting Z,, =0.263 is shown in Fig. 8 for {=0° and
Fig. 9 for £ =90°. For & = 0°, two set of results do not exhi-
bit noticeable difference until E > 10 GeV. At
E =100 GeV, they differ by 45%. For & =90°, two results
differ by 46% at E =1 GeV while they differ by 29% at
E =100 GeV. Obviously, the behavior of Z,, is one of the
major uncertainties for determining the atmospheric v, flux.

3.1.2. Muon decay contributions

We have stated that the muon decay contributions to v,
is non-negligible for neutrino energies less than 10 GeV.
Such v,’s can oscillate into v.’s during their propagations

F~ T m T ™
e 1
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= %) —
= E -+ cos (& = 90") = 0.05
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‘o 107 F
o E
I 10‘75
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1z i
° 3
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F (Am’, =244 10%V?, sin’20, = 1)
1043 L1l L1l al
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Fig. 7. The comparison of atmospheric v, flux obtained by using cos.g&
and that obtained by the full calculation for & = 90°.
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Fig. 8. The comparison of atmospheric v, fluxes calculated from a
constant Z,, [12,13] and an energy dependent Z,, [15] for & = 0°.
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Fig. 9. The comparison of atmospheric v, fluxes calculated from a
constant Z,, [12,13] and an energy dependent Z,, [15] for & = 90°.

in the atmosphere. The calculation of such a flux according
to Egs. (6) and (10) is rather involved. However, a simple
approximation as presented below gives a rather accurate
result for this flux.

The calculation of v, spectrum due to muon decays
requires the knowledge of muon polarizations. The muon
polarization however depends on the ratio of muon
momentum to the momentum of parent pion or kaon as
indicated by Eq. (9). It is straightforward to calculate the
average muon polarization at any slant depth X provided
the energy spectrum of the parent pion or kaon is known
at that point. For the downward case (¢ = 0°), it is known
from the previous section that the muons are most likely
produced at around 14 km from the ground detector. At
that point, the pion and kaon fluxes can be approximately
parameterized as ¢, (E;) = 107" - E22 and ¢ (Ex) =
107> EZM™ in units of ecm s 'sr'GeV ™! for meson
energies between 1 and few tens of GeV. We do not distin-
guish 7 (K") from 77 (K") in the above fittings. Although
the spectra are charge dependent, the resulting absolute
values of u* polarization and u~ polarization differ by only
10% for E, up to few tens of GeV [13]. From Eq. (9), and

the above pion and kaon spectra, we obtain (P_) = 0.35,
(P} ) = 0.95. Therefore u~ coming from the 7~ decays
are 67% right-handed polarized and 33% left-handed polar-
ized. On the other hand, y~ coming from K~ decays are
98% right-handed polarized and only 2% left-handed
polarized. The muons produced by meson decays lose ener-
gies before they decay into neutrinos. The decay distribu-
tion for pu~ — v, is given by Eq. (11). The average
momentum fraction (y) of muon neutrinos are 0.3 and
0.4 from decays of right-handed p~ and left-handed p—
respectively. Following a similar procedure, one can deter-
mine the polarization and decay distributions of u*.
Finally, to calculate the spectrum of muon neutrinos aris-
ing from muon decays, we use the approximation of replac-
ing F ., (E/E,) with 6(E/E, — (y)) in Eq. (10).

To check the validity of the above approximation, we
compare our result on the fraction of muon decay contri-
bution to the overall v, flux with that given by Ref. [13]
for cosé =04, i.e., £ =66°. At this zenith angle, most of
the muons are produced roughly 45 km from the detector.
The pion and kaon fluxes at this point are fitted to be
d)n(En) _ 10—3.65 .E;LSS and ¢]{(EK) _ 10—5.57 ~E]_<l‘69 in
units of cm ?s ' sr ! GeV~'. This gives rise to (P-) =
0.34, (Pf,) = 0.94. Following the procedure in the down-
ward case, we obtain the muon neutrino flux from the
muon decays. At £ =1 GeV, the fraction of muon decay
contributions to the overall v, flux is 44% while the fraction
decreases to 17% at E =10 GeV. In Ref. [13], the corre-
sponding fractions are 47% and 18%, respectively. Both
set of fractions agree rather well.

Since our approximation works well for calculating the
muon-decay contributions to the atmospheric v, flux, we
proceed to calculate the resulting atmospheric v, flux with
Eq. (17). Specifically we only need to include the first term
on the R.H.S. of Eq. (17) because the second term has
already been included in the two-body decay contribution.
In Fig. 10, those atmospheric v, fluxes resulting from

—— (two-body)
(two-body + three-body) 3

(log,,E) (cm?s’'sr”)

dN_/d
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F(Am?, =24+ 107V sin20,, = 1)
1 1

10° 10' 10° 10° 10"
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Fig. 10. The comparisons of atmospheric v, fluxes resulting from the
oscillations of v,’s generated by two-body and three-body decays with
those resulting from the oscillations of v,’s generated only by two-body
decays. The comparisons are made for three zenith angles, cosé =0, 0.4,
and 1 (from top to bottom).
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oscillations of v,’s generated by both two- and three-body
decays (muon decays) are compared with those resulting
from the oscillations of v,’s generated only by two-body
decays. As expected, the three-body decay contribution is
non-negligible for £ < 10 GeV. Quantitatively, for ¢ = 0°
and E=1GeV, 24% of the total atmospheric v, flux is
from the oscillations of v,’s originated from the muon
decays. At E =10 GeV, only 2.9% of the total atmospheric
v, flux comes from the same source. For & = 66°, the three-
body decay contribution gives rise to 36% and 8.9% of the
total atmospheric v, flux at E=1GeV and E =10 GeV,
respectively. Finally, for & = 90°, the three-body decay con-
tribution to the total atmospheric v, flux is most significant.
It contributes to 53%, 46%, and 39% of the total atmo-
spheric v, flux at £ =1 GeV, 10 GeV and 20 GeV, respec-
tively. To calculate the three-body decay contribution to
v, flux at £ =90°, we have used Eq. (5) for the meson sur-
vival probability with coseré = 0.05 and a overall factor
C = 1.40 to fix the normalization of the flux [31].

3.2. The upward atmospheric tau neutrino flux

The upward atmospheric v, fluxes are enhanced com-
pared to those of other directions since the average neu-
trino path lengths in such case are larger. Therefore the
observations of astrophysical tau neutrinos in upward
directions are subject to more serious background prob-
lems. However, observing the atmospheric tau neutrinos
is interesting in its own right. The atmospheric tau neutrino
flux for cosé = —0.2 is shown in Fig. 11. The effect of
v, — v, oscillation is evident for below TeV energies. This
is seen from the crossing point of intrinsic and oscillated
atmospheric v, fluxes at E ~ 700 GeV. The atmospheric
v, flux shows oscillatory behavior for E < 10 GeV. For
cos ¢ < —0.2, such an oscillatory behavior is even more sig-
nificant. In such a case, it is more practical to study the
averaged flux. We average the atmospheric v, flux for the
zenith angle range —1 < cosé < —0.4, as shown in
Fig. 12. Due to uncertainties of the intrinsic atmospheric
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Fig. 11. The atmospheric v, flux (solid line) as a sum of its oscillated

(dotted line) and intrinsic (dashed line) components for cos ¢ = —0.2 with

sin20,3 = 1, Am3, = 2.4 x 107 eV?, and Z,, = 0.263.
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Fig. 12. The atmospheric v, flux averaged for —1 < cosé < —0.4. The
uncertainty of this flux due to the uncertainty of intrinsic atmospheric v,
flux is shown. The corresponding v, flux is also plotted, which is equal to
the v, flux for 1 < E/GeV < 10.

v, flux as discussed in Ref. [28], the atmospheric v, flux tak-
ing into account the oscillation effect also contains uncer-
tainties beginning at a few hundred GeV’s. In the same
figure, we also plot the corresponding atmospheric v, flux.
The v, and v, fluxes are comparable for £ <40 GeV. In
such a case, the footprint of v, might be identified by study-
ing the energy spectra of shower events induced by neu-
trino interactions [5]. At E=10*GeV, the v, flux is
approximately 30 times larger than the maximal v, flux.
We note that the maximal and minimal v, fluxes begin to
differ at £ =500 GeV. At E=1 TeV, the maximal flux is
3 times larger than the minimal one. The ratio of maximal
flux to the minimal one increases to 14 at £ =10 TeV. We
remark that the upward atmospheric v, flux is also calcu-
lated in Ref. [5] with sin® 20,3 =1 and Am}, =107,
10723, 107* eV?, respectively. Here we have done the
calculation with the best fit value of sin’20,; and Am3,
taken from [1]. Furthermore we include the contribution
of intrinsic atmospheric v, flux and its associated
uncertainties.

4. Discussion and conclusion

The understanding of atmospheric v, flux is important
for exploring the tau neutrino astronomy [2,10]. As men-
tioned earlier, an estimation of the atmospheric v, flux
has been given in Ref. [2] while a detailed calculation of this
flux for zenith angles 0 < & < 60° is given in Ref. [10]. In
these works, comparisons of the galactic-plane v, flux with
the atmospheric v, flux are also made for illustrating the
possibility of the tau neutrino astronomy. Now that we
have obtained a complete result of the atmospheric v, flux
for the entire zenith angle range, we compare this flux with
two astrophysical fluxes: the galactic-plane tau neutrino
flux just mentioned and the cosmological v, flux due to neu-
tralino dark matter annihilations [32]. The comparison is
depicted in Fig. 13 where the flux of galactic-plane tau neu-
trinos is taken from the calculation of Ref. [10]. One can
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Fig. 13. The comparison of atmospheric v, fluxes with the galactic-plane
tau neutrino flux [10] and the tau neutrino flux due to the neutralino dark
matter annihilations [32]. We have included downward (cos¢=1),
horizontal (cosé =0) and upward (—1 < cosé < —0.4) atmospheric v,
fluxes for the comparison. At E =1 GeV, the horizontal flux is the largest
whereas the downward flux is the smallest.

see that the galactic-plane v, flux dominates over the down-
ward (& = 0°) atmospheric v, flux for E greater than a few
GeV. Hence, in this direction, it is possible to observe the
flux of galactic-plane tau neutrinos in the GeV energy
range. For near horizontal directions, the atmospheric v,
flux grows rapidly with zenith angles. Therefore, for
£ =090°, the energy threshold for galactic-plane tau neu-
trino flux to dominate over its atmospheric counterpart is
pushed up to E ~ 100 GeV. We further see that the galac-
tic-plane v, flux does not dominate the upward atmospheric
v, background (—1 < cosé < —0.4) until E=1500 GeV.
However, it is noteworthy that, in the muon neutrino case,
galactic-plane neutrino flux is overwhelmed by the atmo-
spheric background until E, > 10° GeV [33]. Such a differ-
ence between v, and v, shows the promise of the tau
neutrino astronomy in the GeV energy range as pointed
out in [2,10]. From Fig. 13, it is also clear that the atmo-
spheric v, flux is a non-negligible background to the cosmo-
logical tau neutrino flux due to neutralino dark matter
annihilations [32]. In fact, two fluxes are comparable in
the downward direction while the atmospheric v, flux dom-
inates in horizontal and upward directions.

In summary, we have presented a semi-analytical calcu-
lation on the atmospheric v, flux in the GeV to TeV energy
range for downward, upward, and horizontal directions.
The atmospheric v, flux at £ = 90° is two orders of magni-
tude larger than the corresponding flux at ¢ = 0° for 1 < E/
GeV < 10. On the other hand, the fluxes with zenith angles
between 0° and 90° merge for £ > 700 GeV, provided that
the intrinsic atmospheric v, flux is calculated with perturba-
tive QCD. Should one adopt a non-perturbative model for
the intrinsic v, flux, the resulting v, fluxes on Earth at
different zenith angles would merge at an energy lower than
700 GeV. We have observed that the upward atmospheric
v, fluxes show oscillatory behaviors. For the averaged flux
with —1 < cos ¢ < —0.4, the atmospheric v, flux is found to

be comparable to the atmospheric v, flux for £ <40 GeV.
The comparison of this flux with the horizontal atmo-
spheric v, flux is also interesting. Two fluxes are in fact
comparable for £ <10 GeV. This shows that the v, — v,
oscillation is already quite significant in the horizontal
direction for such an energy range. Nevertheless, the
upward atmospheric v, flux takes over from E > 10 GeV
until £ ~ 3 TeV where two fluxes merge again. Concerning
the uncertainties in our calculations, we have studied the
dependencies of atmospheric v, flux on the Z moment
Z,, for representative zenith angles £=0° and &= 90°.
We have also discussed in detail the uncertainty of intrinsic
atmospheric v, flux due to different models for charm
hadron productions. The consequence of such a uncer-
tainty on the determination of oscillated v, flux is studied
as well. Concerning the technique for calculating the atmo-
spheric v, flux from large zenith angles, we have verified the
validity of wusing cosezé in Eq. (5) to calculate the
atmospheric v, flux for &> 60°. In particular, we have
extrapolated the results in Ref. [31] to £ = 90° and demon-
strate that the choice coses(¢ = 90°) = 0.05 reproduces well
the atmospheric v, flux obtained by a full calculation using

Eq. (4).
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