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Atmospheric Neutrino Flux with JAM interaction model

MORIHIRO HONDA1, TAKAAKI KAJITA1,2, KATSUAKI KASAHARA3 SHOUICHI MIDORIKAWA4 JUN NISHIMURA3

ATSUSHI OKADA3

1Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Chiba, 277-8582 Japan.
2 Institute for the Physics and Mathematical of the Universe, the University of Tokyo, 5-1-5 Kashiwa-no-ha, Kashiwa,
Chiba 277-8582, Japan.
3Research Institute for Science and Engineering, Waseda University, 3-4-1 Okubo Shinjuku-ku, Tokyo, 169-8555, Japan.
4Faculty of Engineering, Aomori University, Aomori, 030-0943 Japan.
5Institute of Space and Astronomical Science, JAXA, Sagamihara, Japan.
mhonda@icrr.u-tokyo.ac.jp

Abstract: We report the improvement of the prediction for the lower energy atmospheric neutrino flux ( <∼1 GeV),
with the JAM interaction model, which is used in PHITS (Particle and Heavy-Ion Transport code System). We show that
when a interaction model can reproduce the observed muon flux at the balloon altitude in a good accuracy, it calculate
the atmospheric neutrino flux in the similar accuracy at low energies. When we apply a proper modification to the JAM
interaction model, it can reproduce the muon flux observed by BESS at the balloon altitude.
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1 Introduction

We have calculated atmospheric neutrino fluxes using a 3D
scheme, and refined it in previous works [1, 2]. In those
calculation, we tested the interaction model with the at-
mospheric muon. With the “modified” DPMJET-III con-
structed from the output of DPMJET-III [3], we could re-
produce the observed atmospheric muon spectra quite well
above 1 GeV/c at sea level and mountain altitudes, but the
agreement below 1 GeV/c is not as good. For the “Mod-
ification”, see Ref. [4]. At balloon altitudes, in particular,
the calculated muon fluxes are obviously lower than the ob-
served ones. This seems to be due to the secondary spectra
of DPMJET-III, which our simple modification procedure
cannot correct. The disagreement was not resolved without
violating the agreement at higher momenta.
Instead of a more sophisticated modification method, we
searched for an interaction model which has a better na-
ture at low energies, and found the interaction model called
JAM, which is used in PHITS (Particle and Heavy-Ion
Transport code System) [5]. The JAM interaction model
could reproduce the muon flux at balloon altitude better
than the DPMJET-III after some modification[4]. Apart
from the atmospheric muon flux, it is notable that the
hadronic interactions of protons on thin N2 and O2 tar-
gets have been studied in detail by the HARP experiment,
aiming to improve the calculation of atmospheric neutrino

fluxes [6]. We examine JAM also with the HARP data, and
find the JAM agrees a little better than DPMJET-III.
Constructing “modified” JAM from the output of JAM, we
use it to calculate the atmospheric neutrino flux for pro-
jectile energy below 32 GeV, and the inclusive DPMJET-
III above that. We use essentially the same calculation
scheme with that Ref. [2], including the primary flux and
the geomagnetic models, except for the hadronic interac-
tion model. The change of interaction model does not
change the zenith angle dependence of the atmospheric
neutrino fluxes and the (νμ + ν̄μ)/(νe + ν̄e) ratio visibly
from the previous calculations, but increased the absolute
value of the atmospheric neutrino flux below 1GeV. Note,
we estimate the error of the atmospheric neutrino flux be-
low 1GeV, also using the atmospheric muon flux at the bal-
loon altitude.

2 Calculation of Atmospheric Neutrino Flux

2.1 Interaction Model and Primary Cosmic Ray
Model

For the hadronic interaction model, we used the DPMJET-
III in the former calculation [2], since it reproduce the rela-
tively higher energy muon flux observed at sea level. How-
ever, using this interaction model, we could not reproduce
the observed low energy muon flux by BESS [7] at bal-
loon altitude. Looking for a better interaction model for
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Figure 1: Comparison of the muon flux observed at the
balloon altitudes (5–2 g/cm2) at Fort Sumner and the one
calculated with the modified-JAM in ratio. Dashed lines
are the ratios of calculations with DPMJET-III to the one
with JAM.

the cosmic rays at low energies, we find JAM interaction
model, which is used in PHITS (Particle and Heavy-Ion
Transport code System) [5], and could reproduce the at-
mospheric muon flux at balloon altitude reasonably well
(Fig. 1 ). Note, the JAM interaction model show a little
better agreement with the HARP experiment.
In the comparison of modified-JAM and the modified
DPMJET-III at 10 GeV, we find that modified-JAM shows
slightly higher spectra than modified-DPMJET-III in x(≡
Esecondary/Eprojectile)<∼0.2, where those energies are ki-
netic energy. This is the reason for the higher atmospheric
muon flux below 1 GeV/c with the modified-JAM. And,
our modification method cannot modify DPMJET-III to
have this high x-spectra for x<∼0.2 and also keep the high
spectra for x>∼0.2 required by the observed muon flux
above 1 GeV.
We use the same primary flux model shown in Fig. 2, which
is also used in Refs [1, 2]. It is based on AMS and BESS
data, with a spectral index of −2.71 above 100 GeV for
protons. Note, we also use the US-standard ’76 model
of the atmosphere [9], and the IGRF2005 geomagnetic
model [8], as we estimate the results would not be visibly
different by the change of these to more recent models.

2.2 3D Calculation Scheme

The scheme 3D calculating the atmospheric neutrino fluxes
is almost the same as that for the previous calculations [1,
2], except for the interaction model.
We consider the surface of the Earth is a sphere with a ra-
dius of Re = 6378.180 km. In addition, we assume three
more spheres; the injection sphere, the simulation sphere,
and the escape sphere. We take the radius of the injection
sphere as Rinj = Re + 100 km, the radius of simulation
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Figure 2: Primary flux model for the chemical composi-
tions used in our calculation

sphere as Rsim = Resc = 10×Re = 63781.80 km. Note,
the radius of the simulation sphere is now the same as that
of escape sphere.
Cosmic rays are sampled on the injection sphere uniformly
toward the inward direction, following the primary cosmic
ray model. Before they are fed to the simulation code for
the propagation in air, they are tested to determine whether
they pass the rigidity cutoff, i.e., the geomagnetic barrier.
For a sampled cosmic ray, the ‘history’ is examined by
solving the equation of motion in the negative time direc-
tion. When the cosmic ray reaches the escape sphere with-
out touching the injection sphere again in the inverse direc-
tion of time, the cosmic ray can pass through the magnetic
barrier following its trajectory in the normal direction of
time.
Note, we refined the virtual detector correction [2] a little.
Using the inside of the circle with radius of θd as the virtual
detector, the flux Φθd obtained with the virtual detector and
the flux Φ0 at the real target detector are related by

Φθd � Φ0 +Φ′0θ
2
d , (1)

The term with Φ′0 may be canceled out using two virtual
detectors, with radii of θ1 and θ2, as

Φ0 �
θ21Φ2 − θ22Φ1

θ21 − θ22
=

Φ2 − r2Φ1

1− r2
, (2)

where we assumed θ1 > θ2.
We study the ratio of estimated statistical errors F (r) ≡
ΔΦ0/ΔΦ1 as the function of r, and find that the ratio takes
the minimum value

√
(5) � 2.236 at r = 1/

√
2 � 0.707,

whereas we took r = 0.5 in Ref. [2]. However, the ratio
ΔΦ0/ΔΦ1 is a slowly varying function of r near the mini-
mum, and the ratio at r = 0.5 is not too bad (2.517).
We take r1 = 1113.6 km corresponding to the angle from
the center of the Earth of 10 degrees and r2 = 787.4 km
corresponding to 7.071 degrees. The “virtual detector cor-
rection” is applied up to Eν = 10 GeV, as we find a large
difference between before and after the virtual detector and
correction for some directions.
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Figure 3: The variation F (r) ≡ ΔΦ0/ΔΦ1 as the function
of r. It has a minimum value

√
5 � 2.236 at r = 1/

√
2 �

0.707 indicated by “Optimized”. The “HKKM06” indi-
cates the r = 0.5 used in Ref. [2], where the F -value is
a little larger than the optimized one (F (0.5) = 2.517).

We show the estimated statistical error of this work, for
near-vertical directions and for near-horizontal directions
averaging over all azimuth angles, in Fig. 4. For the hori-
zontal directions, the opening angle of the virtual detector
decrease with cos θ, where θ is the zenith angle. Therefore,
the statistical error for near-horizontal directions is larger
than that for near-vertical directions. We find the statistical
errors are well below 1 % for the average over the azimuth
angles. For each azimuth bin, however, the statistical errors
reach a few percent for some directions. The largest statis-
tical errors are found at the energy just below 10 GeV, due
to the virtual detector correction applied up to this energy.

3 Calculated Atmospheric Neutrino flux

We show the calculated atmospheric neutrino fluxes with
the modified-JAM in this section. In the left panel of Fig. 5,
the calculated atmospheric neutrino spectra are shown av-
eraged over all directions from 0.1 GeV to 32 GeV for
Kamioka, together with the ones calculated in our previ-
ous work, and those of the Bartol group [10][11], and the
FLUKA group [12]. Above 32 GeV, the 3D calculation
is smoothly connected to the 1D calculation carried out in
the previous work. As the modified-JAM is used below
32GeV, any difference above that is due to the difference
of the calculation scheme between 3D and 1D. However,
the difference between present and previous works [2] is
very small in the figure above 1GeV. On the other hand, the
atmospheric neutrino fluxes calculated with the modified-
JAM show an increase from the previous one below 1 GeV,
as is expected from the increase of atmospheric muon spec-
tra below 1 GeV/c.
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Figure 4: The ratio of statistical errors to the flux value in
this work. We show the statistical errors for near-vertical
directions (0.9 < cos θz < 1) in the upper panel, and for
near-horizontal directions (0.9 < cos θz < 1) in the lower
panel, both averaging over all azimuthal directions.

4 Estimation of Error of the atmospheric
neutrino flux

We have estimated the error of the calculated atmospheric
neutrino flux from the comparison of calculated atmo-
spheric muon flux with the observed one in Ref. [2]. How-
ever, atmospheric neutrinos below 1GeV have little things
to do with the muons observed at sea level, and the flux
error was not estimated there. We show the weights in the
phase space of p+ Air → π interaction responsible to the
production of low energy (0.32 GeV/c) νμ, νe, and for μ at
balloon altitude, and at the sea level in Fig. 6.
The shape of the weight distribution for muons at balloon
altitude is also different from that for atmospheric neutri-
nos, However, we can scan the weight distribution in the
phase space for the low energy atmospheric neutrinos, us-
ing that for the low energy muons at the balloon altitude,
since we could reproduce the observed muon flux within
10% errors in the momentum rage of 0.5 – 2.5 GeV/c for
μ+, and 0.5 – 5.0 GeV/c for μ− in Fig. 1.
We assume variations of the pion production in the the
phase space of p + Air → π, and calculate the ra-
tio Δφν(Eν)/[Δφμ]max for a neutrino energy, where
[Δφμ]max is the maximum variation of muon flux in the
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Figure 5: Comparison of atmospheric neutrino fluxes cal-
culated for Kamioka averaged over all directions (left
panel), and the flux ratios (right panel), with other calcu-
lations. The dashed lines are the calculation by the Bartol
group [10][11], dotted lines for the FLUKA group [12], and
dash dot for our previous calculation (HKKM06).

above momentum range. Taking 1,000,000 set of such a
variation, we summarized the ratios as the accumulation
probability shown in Fig. 7, as the function of neutrino en-
ergy. Note, we sum all the neutrino flux and carried out this
study.
With this study and the residual of the muon flux at the
balloon altitude, we estimate the uncertainty of the at-
mospheric neutrino flux below 1 GeV is around 15% at
0.3 GeV, and 20% at 0.1 GeV.
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Figure 6: The comparison of the phase space for νμ (upper
left panel) and νe (upper right), and for μ at balloon altitude
(lower left). and at the sea level (lower right).
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