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Abstract. We describe the history of theory prediction of inclusive atmospheric neutrino flux shortly, then the
3-dimensional calculation of atmospheric neutrino flux in some detail. With the calculated atmospheric neutrino
flux for INO and South Pole, we discuss on the relation of atmospheric neutrino flux and geomagnetic field.
We find the full 3-dimensional scheme calculation is necessary for the theory prediction of the atmospheric
neutrino flux.

1 Short history as the introduction

The atmospheric neutrino flux is calculated in the 1-
dimensional scheme for long time[1, 2]. It is believed
that the 1-dimensional scheme calculation is good enough
because of the nature of the hadronic interaction and the
small muon bending angle in the geomagnetic field (∼5
degree) before the decay. Also the 3-dimensional scheme
calculation is very inefficient computation compared to the
1dimensional scheme calculation. We had considered it is
impossible to complete within a reasonable computation
time.

These situation continued until Fluka group [3] re-
ported the calculation in a 3-dimensional scheme, limit-
ing the effect of geomagnetic field only to the rigidity cut-
off. In this scheme of the calculation, they could reduce
the computation time largely, but find a large horizontal
enhancement of neutrino flux, which is not seen in the 1-
dimensional scheme calculation.

The importance of the geomagnetic field in the at-
mosphere is discussed by Lipari [4] qualitatively, and a
3-dimensional scheme calculation with the geomagnetic
field in the atmosphere was carried out by Barr et al. [5],
supporting the discussion of Lipari quantitatively. How-
ever, they introduced many acceleration technique in their
calculation. It is not a full 3-dimensional calculation yet.

A calculation a little more close to the full 3-
dimensional scheme was carried out by Honda et al. [6],
with fast interaction code and virtual detector correction.
We illustrate this work and the following developments in
this paper.

2 Calculation Scheme

For the calculation of atmospheric neutrino flux, we need
the primary cosmic ray spectra model, the atmosphere
model, and the geomagnetic field model, other than the

ae-mail: mhonda@icrr.u-tokyo.ac.jp

 x
 E

   
   

 (
m

  s
r 

s)
  (

G
eV

/n
)

2.
7

Φ
−1

1.
7

CR−Energy (GeV/n)

P

He

100 10 1 10 2 10 3 10 4 10 5 10 6

10 3

10 4

Figure 1. Primary cosmic ray data and the spectra model. Small
triangles show the AMS-01 [7] data, small circles BESS [8],
small squares BESS-TeV [9], Large triangles JACEE [12], and
large squares RUNJOB [13].

hadronic interaction model. We used the primary flux
model based on AMS [7] and BESS [8, 9] data shown
in Fig. 1. US-standard76 [10] is used for the atmosphere
model, and IGRF2000 [11] for the geomagnetic model in
Ref [6]. Those atmosphere and geomagnetic models are
taken over by NRLMSISE-00 [10] and IGRF2010 [11] re-
spectively, in the more recent work [14]. We show the
horizontal component of the geomagnetic field in Fig. 2
with the 2 experimental sites where we calculate the at-
mospheric neutrino flux in this paper (INO [15] and South
Pole [16]).

For the 3-dimensional calculation, we assumed the sur-
face of the earth is a sphere with radius ofRe=63781.80
km. In addition to the surface of the earth we assumed
three more spheres, the injection sphere, the simulation
sphere, and the escape sphere. We have taken the radius of
the injection sphere asRin j = Re + 100km, and the radius
of simulation sphere asResc = Rsim = 3 × Re, and that
of escape sphere asResc = Rsim = 10 × Re=63781.80 km
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Figure 2. Magnitude of the horizontal component of geomagnetic field in IGRF2010 model [11]. Square stands for the position of
India-based Neutrino Observation (INO) site [15], and the bottom bar for the South Pole [16].

in Ref. [6]. The radius of simulation sphere is take as the
same as that of escape sphere (Resc = Rsim = 10 × Re)
after Ref. [17].

Cosmic rays are sampled on the injection sphere uni-
formly towards the inward direction, following the given
primary cosmic ray spectra. Before they are fed to the sim-
ulation code for the propagation in air, they are tested to
determine whether they pass the rigidity cutoff or not. For
a sampled cosmic ray, the ”history” is examined by solv-
ing the equation of motion in the negative time direction.
When the cosmic ray reaches the escape sphere without
touching the injection sphere again in the inverse direction
of time, the cosmic ray can pass through the magnetic bar-
rier following its trajectory in the normal direction of time.
The propagation of cosmic rays is simulated in the space
between the surface of Earth and the simulation sphere.

In the 3-dimensional calculation of atmospheric neu-
trino flux, we need a very fast interaction code. On the
other hand, the established interaction codes are generally
slow in the actual computation. Therefore, we construct an
inclusive interaction model from the output of the estab-
lished interaction code, by the parameter fitting, and use it
in the 3-dimensional calculation of atmospheric neutrino
flux.

In Ref. [6], we used the inclusive interaction code con-
structed from the output of DPMJET-III [18], which is
called as inclusive-DPMJET-III. After Ref. [17], we con-
structed the inclusive interaction code from the JAM inter-
action code, which is used in PHITS (Particle and Heavy-
Ion Transport code System) [19], and used at the energies
below 32 GeV.

3 Hadronic interaction model and muon
calibration

The hadronic interaction model is one of the largest source
of the uncertainty of the atmospheric neutrino flux. As
the main source of the atmospheric neutrino isπ − µ de-
cay at low energies (. 100 GeV), we can use the observed
muon spectra for the calibration of the hadronic interaction
model, when we have well-determined primary cosmic ray
spectra and accurately measured atmospheric muon spec-
tra.

We consider the primary cosmic ray spectra in Fig. 1
are well determined below 100 GeV, since the observed
data by AMS-01 [7] and BESS [8, 9] show a very good
agreement. We used the atmospheric muon spectra ob-
served mainly by BESS [9, 20, 21]. In this study we se-
lected DPMJET-III [6], and modified it so that it repro-
duce the observed atmospheric muon spectra more accu-
rately [22].

We note that the uncertainty of the cosmic ray spec-
tra largely increases above 100 GeV. When we can use
more accurate primary cosmic ray spectra above 100 GeV,
we will repeat the study of the hadronic interaction model
above 100 GeV to improve the calculation of atmospheric
neutrino flux. However, the energy of accurately measured
atmospheric muon data is limited below a few TeV. The
energy of the hadronic interaction studied with this method
is also limited below a few 10 TeV,

4 Calculated atmospheric neutrino flux

In Fig. 4, we present the results for the atmospheric neu-
trino fluxes at 1 GeV as a function of the zenith angle after
averaging over all the azimuthal angles for INO [15] and
South Pole [16]. The flux peak at the horizontal direction
is due to the geometrical horizontal enhancement of the
atmospheric neutrino flux. There are large up-down asym-
metries in the atmospheric neutrino flux at both sites. The
downward going neutrino flux is larger at the South pole,
while upward going neutrino flux is larger at the INO site
due to the different rigidity cutoff. These difference due
to the rigidity cutoff decrease with the increase of neutrino
energy, and almost disappear at 10 GeV.

Next we present the results for the atmospheric neu-
trino fluxes as a function of azimuthal angleφ for INO
site (Fig. 5) and South Pole site (Fig.6). In these fig-
ures we show the variation of atmospheric neutrino flux
as the function of the azimuthal angle averaging them
over the five zenith angle ranges, 1> cosθ > 0.6,
0.6> cosθ > 0.2, 0.2> cosθ > -0.2, -0.2> cosθ > -
0.6 and -0.6> cosθ > -1. We find that the variation of
the atmospheric neutrino flux has a complex structure at
low (anti)neutrino energies, due to the rigidity cutoff and
muon bending in the geomagnetic field.
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Figure 3. Left panel: comparison of observed muon spectra ad different observation points and calculation with modified hadronic
interaction model. Norikura are from T. Sanuki et al. [21], Tsukuba from S. Haino et al. [9], L3+c from P. Achard et al. [24], DEIS
from O.C. Allkofer et al. [25], and MUTRON from S. Matsuno et al. [26]. Right panel: comparison pion spectra of the accelerator
data [23] and modified interaction model
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Figure 4. The zenith angle dependence of atmospheric neutrino flux at E=1GeV, averaged over all azimuthal angles calculated for INO,
South Pole and Pyhäsalmi sites. Hereθ is the arrival direction of the neutrino, with cosθ = 1 for vertically downward going neutrinos,
and cosθ = −1 for vertically upward going neutrinos.
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Figure 5. The azimuthal angle dependence of atmospheric neutrino flux, averaged over zenith angle bins of 1> cosθ > 0.6 (solid
line), 0.6> cosθ > 0.2 (long dashed), 0.2> cosθ >-0.2 (short dashed), -0.2> cosθ > -0.6 (dashed-dotted), and -0.6> cosθ > -1
(dashed double-dotted), calculated for the INO site at (anti)neutrino energy E=1 GeV.
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Figure 6. Same as Fig. 5 at (anti)neutrino energy E=1GeV for the South Pole site.

At INO site the azimuth variation has the complex
structure due to the high rigidity cutoff and the strong hor-
izontal component of geomagnetic filed. This variation
remains almost the same for the near horizontal direction
even above 10 GeV. On the other hand, the azimuth varia-
tion at South Pole is very small due to the dipole nature of
the geomagnetic field.

5 Summary and discussions

We find that the low energy atmospheric neutrino flux is
quite different depending on the position in the geomag-
netic field. Therefore, the full 3-dimensional scheme cal-
culation is necessary for the theory prediction of atmo-
spheric neutrino flux.

We use the hadronic interaction model after construct-
ing the inclusive code, and it could be calibrated by the
atmospheric muon spectra measured accurately. However,
for the interaction above 10 TeV, the calibration with at-
mospheric muon is not effective, since there are no accu-
rately measured muon spectra, and due to the uncertainty
of primary cosmic ray spectra.
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