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Abstract

The calculation of atmospheric neutrino flux in HKKM04 [1] is over viewed.

There are many improvements from HKKM95 [2]; the primary flux model is

replaced by the one based on the AMS [3] and BESS [4] observations, and the

interaction model is changed to DPMJET-III [5]. Also the calculation is carried

out in a full 3-dimensional scheme. However, the differences between 3D and

1D calculations are not seen in the averaged fluxes over the azimuthal angles for
>∼ 3 GeV.

1. Introduction

The study of atmospheric neutrinos is carried out by the comparison of

theoretical prediction and experimental observation for the atmospheric neutrinos.

As the SuperKamiokande is steadily improving the statistics and the accuracy of

observed atmospheric neutrino data, it is important to improve the theoretical

prediction for them.

Since our former comprehensive study HKKM95 [2] was completed, the

knowledge of the primary cosmic ray is largely improved by the precise measure-

ments, such as AMS [3] and BESS [4] below 100 GeV. There are also theoretical

developments in hadronic interaction models, such as Fritiof 7.02 [6], FLUKA97 [7]

and DPMJET-III [5]. These progresses are taken into HKKM04 [1].

We also have developed a new and fast simulation code for the propagation

of cosmic rays in the atmosphere, in order to calculate the atmospheric neutrino

flux in a full 3-dimensional scheme without assuming a symmetry. This fast

simulation code and a fast computer system allow us to calculate the atmospheric

neutrino flux with a good accuracy over the wide energy region from 0.1 to a few

10 GeV. Then the differences of the neutrino fluxes between 3d and 1d calculations

are precisely studied. The neutrino flux calculated in the 3-dimensional scheme

is smoothly connected to the one calculated in the 1-dimensional scheme at a few

pp. 101–107 c©2005 by Universal Academy Press, Inc. / Tokyo, Japan



102

10 GeV, but we limit this overview for neutrinos below 30 GeV.

2. Primary cosmic ray flux model
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Fig 1. The data and models for the primary cosmic ray protons. Closed circles
stand for BESS [4], closed horizontal diamonds AMS [3], and open upward triangle
BESS-TeV [8]. For other data points, see Fig. 1 of HKKM04. The solid line is the
proton flux model in HKKM04, the dotted line in HKKM95, and dashed line in
Refs. [9] and [10]. The model curves are for the solar minimum.

The primary flux model is based on Refs. [9] and [10], in which the cosmic

ray data below 100 GeV were compiled. However, the extension of the flux model

for cosmic ray protons does not agree with emulsion chamber experiments above

∼ 10 TeV (the dashed line in Fig. 1). We modified the power index above 100 GeV

to −2.71 in HKKM04, so that the extension passes through the center of the
emulsion chamber data (the solid line in Fig. 1). The flux model for cosmic ray

protons used in HKKM95 is also shown by the dotted line in Fig. 1. Other than

the cosmic ray protons, we use the same flux models as in Ref. [10]. Note, there

are differences in the flux model for nuclear cosmic rays heavier than He between

Refs. [9] and [10],

3. Hadronic Interaction Model

We are using theoretically constructed hadronic interaction models, which

have been successfully applied to the high energy accelerator experiments. After

publication of HKKM95, there were almost no improvements in the experimen-

tal study of the multiple production in the hadron interactions, but there are

noticeable improvements in the theoretical study, resulting in Fritiof 7.02 [6],

FLUKA97 [7], and DPMJET-III [5].
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Fig 2. The quantity [Flux/Depth] averaged over all the muon observation by BESS
2001 [12] at balloon altitudes. The lines are the same quantities calculated by
DPMJET-III (Solid line), Fritiof 1.6 (Dashed line), Fritiof 7.02 (dotted line), and
FLUKA 97 (Dash dot),

To select a better interaction model, we have used the secondary cosmic

rays at the balloon altitude. The fluxes of secondary cosmic rays at balloon

altitude are ideal material for this study. They are approximately proportional

to the air depth, and the ratio [Flux/Depth] is determined almost only by the

interaction and the flux of primary cosmic rays. In Fig.2, we show a study on the

muon observation at balloon altitude by BESS 2001 [11]. Although it is hard to

discriminate other interaction models, it is found the DPMJET-III gives the best

agreement between calculation and observation (for details, see Ref. [12]) for 0.4

– 10 GeV/c in muon momentum, roughly corresponding to 0.3 – 3 GeV in the

neutrino energy.

We do not use the original package of the hadronic interaction code in the

calculation of atmospheric neutrino fluxes. From the output of the interaction

model, we construct an inclusive interaction code which reproduces the multiplic-

ities and energy spectra of secondary particles as the original code. The inclusive

interaction code violates the conservation laws in a single interaction, but they

are restored statistically. Therefore, the inclusive interaction code is only valid

for the calculation of a time averaged quantity, such as the fluxes of atmospheric

muons and neutrinos. However, the inclusive codes are typically ∼100 times
faster than the original package. The fast computation is very important in the

3-dimensional calculation of the atmospheric neutrino fluxes, as well as for the

study of secondary cosmic rays.
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4. Calculation Scheme

We assume the surface of the Earth is a sphere with the radius Re =

6378.180 km. We consider 3 more spheres, injection, simulation, and escape

spheres. The radius of the injection sphere is taken as Rinj = Re + 100 km, the

simulation sphere Rsim = Re + 3000 km, and the escape sphere Resc = 10×Re.

The rigidity cutoff test is carried out between the injection sphere and the

escape sphere. When a cosmic ray passed through the test, it is fed to the simu-

lation code. Then, the all particle propagations, including that for the cosmic ray

and those for secondary particles, are simulated in the space between the surface

of Earth and the simulation sphere, until all the particle reach the boundary or

decay, or the energies become lower than the interaction threshold for stable par-

ticles. Note, when a particle other than the neutrinos enters the Earth, it loses

its energy very quickly, and can create low energy neutrinos (<∼ 0.1 GeV) only in

the Earth.

Note, too small size simulation sphere causes an error in the neutrino

fluxes. We have examined proper size for the simulation sphere in HKKM04, and

find the simularion sphere defined above does not cause an error larger than 1 %.

For the atmosphere model, we use US-standard ’76 [13]. This model is

a good approximation for the one year averaged atmosphere, in the comparison

with the newer atmosphere models [14]. For the geomagnetic field model, we

use the IGRF geomagnetic field model [15] with the 10th order expansion by

the spherical function for the year 2000. As the geomagnetic field changes very

slowly, the neutrino flux calculated for the year 2004 would not show a noticeable

difference.

For the observation of neutrinos. we use a virtual detector, the surface of

the Earth inside a circle with the radius of ∼ 1117 km (center angle of 10◦) around
the target detector. Note, too large virtual detector is a source of the calculation

errors. We have studied the errors comes from the large size virtual detector, and

find the error is reasonably small [16] with the above virtual detector.

5. Flux of Atmospheric Neutrinos

We have simulated ∼ 300 G cosmic rays with Ek/A > 1 GeV after the

rigidity cutoff for <∼ 10 GeV, and ∼ 400 G cosmic rays with Ek/A > 10 GeV for

neutrino fluxes >∼ 10 GeV, under the calculation scheme explained above. Now,

we present some features the calculated atmospheric neutrino fluxes (3D), with

the one calculated in a 1-dimensional scheme (1D), with the same models for

the primary cosmic rays and interactions, for comparison. We find the difference
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Fig 3. All direction averaged neutrino fluxes. The solid Lines show the results for 3D
and the marks for 1D.

between 3D and 1D is small for >∼ 0.3 GeV, in Fig. 3.

In Fig. 4, we show the zenith angle dependence of the atmospheric neutrino

flux at Kamioka in 3 energy bins, averaging over the azimuth direnctions. There

are large difference between 3D and 1D for <∼ 1 GeV due to the enhancement in

3D for horizontal directions. For vertical directions, 3D’s are a little lower than

1D’s. However, in the last energy bin, the difference between 3D and 1D is small.

Note, the amplitude of the horizontal enhancement is different among different

calculations, due to the difference of the < p⊥ > in the interaction models.

In Fig. 5, we depicted the flux ratios, (νµ + ν̄µ)/(νe + ν̄e), νµ/ν̄µ, and

νe/ν̄e. As is reported in many reviews (for example, see Ref. [10]), the raios

(νµ + ν̄µ)/(νe + ν̄e) calculated by differenet calculation scheme agrees very will

each other in <∼ 10 GeV. This is because the main source of neutrinos is the π−µ

decay in this energy region, and is almost independent of the primary flux and

the interaction models. On the other hand the ratios, νµ/ν̄µ and νe/ν̄e, are closely

related to the interaction model, and the variation among different calculations

is larger than the (νµ + ν̄µ)/(νe + ν̄e) ratio.

6. Summary

We have calculated the atmospheric neutrino flux in a full 3-dimensional

scheme, with the primary flux model base of the AMS and BESS observations, and

the DPMJET-III as the interaction model. In the calculation we simulated around

300 G cosmic rays in the atmosphere for lower energy neutrinos (<∼ 10 GeV), and

around 400 G cosmic rays for higher energy ones (>∼ 10 GeV). We estimate the

errors come from the calculation scheme and statistics are reasonably small in



106

νµνµ

νµ

νe

νe
νe

νe

νµ

νµ

νµ

νe

νe

(m
−2

se
c−1

sr
−1

)
−F

lu
x

ν
In

te
g

ra
te

d

(m
−2

se
c−1

sr
−1

)
−F

lu
x

ν
In

te
g

ra
te

d

(m
−2

se
c−1

sr
−1

)
−F

lu
x

ν
In

te
g

ra
te

d

x 2

.32 −− 1 GeV.1 −− .32 GeV 1 −− 3.2 GeV

x 15

x 5

x 3

x 1.2

x 1.5

x 2

x 4

θ θ θcoscoscos

100

50

20
−1.0 −0.6 0.2 0.6 1.0

10
 3

10
 4

−0.2 −1.0 −0.6 0.2 0.6 1.0

10
 2

10
 3

−1.0 −0.6 −0.2 0.2 0.6 1.0−0.2

Fig 4. Zenith angle dependence of the atmospheric neutrino flux at Kamioka in 3
energy bins. For the azimuthal directions, averages are taken. The thick solid lines
are for 3D, dotted lines for 1D, dashed lines for FLUKA [17], and thin solid lines
for DIPOLE [18].

<∼ 30 GeV (see also Ref. [16]).

The difference between 3d and 1d-calculations are studied in detail. Some

muon curvature effect remains up to a few 10 GeV for horizontal directions [1],

but most of the differences between 3d and 1d-calculations disappear at a few

GeV. The calculated neutrino fluxes are smoothly connected to those calculated

in 1-dimensional scheme.
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