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The atmospheric neutrino and the muons are produced simultaneously in the decay of mesons,
which is created by the hadronic interaction of cosmic rays and air nuclei. The study of atmo-
spheric muon is important for the calculation of the atmospheric neutrino spectra. Especially
when the cosmic ray spectra (CRS) are known well, the study of the atmospheric muon is
the study of the hadronic interaction model. In this paper, we construct CRS models with
recent observations above 100 GeV/n, and modify the hadronic interaction model so that it
reconstruct the observed atmospheric muon spectra for the most different CRS model from our
previous CRS model. It is found the atmospheric neutrino spectra calculated with the CRS
models and the interaction model which reproduce the obaserved atmospheric muon spectra
are virtually the samme as our previous calculation.

1 Introduction

The main source of the atmospheric neutrino is π−µ decay at low energies (<
∼

100 GeV). When
there are accurate measurement of atmospheric muon spectra, they help the calculation of the
atmospheric neutrino flux largely. Especially when the primary cosmic ray spectra (CRS) is
determined accurately, the study of the atmospheric muon is the study of the pion production
in the p-Air hadronic interactions.

Based on this idea, we have carried out the study of the interaction model. We used the
cosmic ray spectra (CRS) model constructed with AMS-01 1 and BESS 2,3 observations, and
atmospheric muon spectra observed mainly by BESS 4,5,3. In this study we selected DPMJET-
III 6,7, and modified it so that it reproduce the observed atmospheric muon spectra accurately 8.

Note, the statistics of AMS-01 and BESS date above 100 GeV/n were still poor. For the
CRS model above 100 GeV/n, we extrapolated the spectra by power law functions with experi-
mental data at much higher energies (>

∼
10 TeV/n) 10,11. Recently, new observations; ATIC-2 12,

CREAM-I 13, and PAMELA 14 are improving the situation. They have reported the cosmic rays
spectra data above 100 GeV/n with large statistics. They are not largely different from our
CRS model, but the difference is enough to make a sizable difference in the atmospheric muon
and neutrino spectra. On the other hand, their results are not in a good agreement yet. We
construct 3 possible CRS models, and study the hadronic interaction model with them.

2 CRS models in HKKMS and the study of interaction model

In the study of the hadronic interaction with the atmospheric muons, we used a CRS model
constructed as an extension of the work of Gaisser et al. 15. The CRS model is mainly based
on the data observed by AMS-01 1, BESS 2, and BESS-TeV 3 at energies <

∼
100 GeV/n, and the
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Figure 1: Primary cosmic ray data and the spectra models. Left panel: the CRS model used in HKKMS and the
data used to construct it. Small triangles show the AMS-01 data, small circles BESS, small squares BESS-TeV,
Large triangles JACEE, and large squares RUNJOB. The solid lines stand for CRS model used in HKKMS. Right
panel: possible CRS models and data used to construct them. Small circles show the data of Pamela, horizontal
diamonds CREAM-I and vertical diamonds ATIC-2. The solid lines are CREAM model, the dashed lines ATIC

model, and the dotted lines are CREAM-power model. The CRS models are explained in section 3.

JACEE 10 and RUNJOB 11 at high energies >
∼

10 TeV/n. Then we assumed power law spectra
connecting high and low energy data 7. We show the data and the CRS model in the left panel
of Fig. 1 for cosmic ray protons and helium’s, since they are the major component of the cosmic
rays at these energies. In the right panel of the figure, We show the recent data observed by
CREAM-I 13, ATIC-2 12, and PAMELA 14, and the CRS models constructed from those data for
the comparison. Those CRS models will be explained in the next section.

Note, the variation of proton spectra by BESS-TeV from AMS and BESS at low energies
(<
∼
10 GeV) is due to the solar modulation of cosmic rays. AMS and BESS observed the cosmic

rays nearly at the solar minimum, while BESS-TeV observed nearly at the solar maximum.
Considering the solar modulation, the agreement of AMS01, BESS, and BESS-TeV is very good
at the energies <

∼
100 GeV for cosmic ray protons. On the other hand, the agreement of AMS01

and BESS or BESS-TeV is not so good for cosmic ray helium’s. We selected the BESS and
BESS-TeV spectra rather than the AMS-01 one, since the extension agree better with the data
at higher energies >

∼
10 TeV/n.

Using this CRS model, we had picked DPMJET-III 6 up, since it reproduced the observed
muon flux at balloon altitude better than others 4,7. However, when we compared the calculated
and the observed atmospheric muon spectra at lower altitude with much larger statistics, we
found the calculated muon spectra with DPMJET-III is significantly lower than the observed
ones by BESS and others above 10 GeV/c. Therefore, we decided to modify the secondary
spectra of DPMJET-III, so that we can reconstruct the observed atmospheric muon spectra.
The modified secondary spectra are shown in the left panel of Fig. 2 at the energy where the the
accelerator data 16 are available. The atmospheric muon spectra calculated with the modified
interaction model agree well with the observations as shown in the right panel of Fig. 2 for
different observation conditions. The data points Norikura are from T. Sanuki et al. 5, Tsukuba
from S. Haino et al. 3, L3+c from P. Achard et al. 17, DEIS from O.C. Allkofer et al. 18, and
MUTRON from S. Matsuno et al. 19.

With the modified interaction model, and the CRS model shown in the left panel of Fig. 1,
we have calculated the atmospheric neutrino spectra 9. Here after, we refer this calculation
as HKKMS calculation, the interaction model as HKKMS int model, and the CRS model as
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Figure 2: Left panel: HKKMS int. model at the energy where accelerator data are available. Right panel:
comparison of calculated atmospheric muon spectra with observed one.

HKKMS CRS model. We note that we have updated the calculation scheme to understand the
atmospheric muon flux at balloon altitude better 20. However, this update is limited to lower
energy hadronic interactions (<

∼
32 GeV).

3 CRS models with recent observations

In the right panel of Fig. 1, we have shown the cosmic ray data with recent observation by
ATIC-212, CREAM-I13, and PAMALA14 for cosmic ray protons and helium’s. ATIC-2 observed
cosmic rays from a few 10 GeV to a few 10 TeV in the total energy for many kind of chemical
compositions. CREAM-I observed cosmic ray protons and helium’s from a few TeV to a few 100
TeV in total energy. ATIC-2 and CREAM-I have a large overlap in the observation energies,
but their data show a large differences beyond the statistical error.

PAMELA observed cosmic ray protons and helium’s up to ∼ 1 TeV/n, especially in a very
good statistics below 100 GeV/n. Their observation energy does not overlap with CREAM, but
largely with AMS-01, BESS and ATIC-2. For cosmic ray protons, the observation of PAMELA
agrees well with that of AMS-01 and BESS below 100 GeV, and is consistent with that of ATIC-
2 within the statistical error. For cosmic ray helium’s, the observation of PAMELA agrees well
with BESS below 100 GeV/n, but not with AMS-01. ATIC-2 observation is somehow in between
PAMELA and AMS-01 below 100 GeV/n. Note, PAMELA observed kinks in the cosmic ray
spectra, at ∼ 250 GeV for cosmic ray protons and at ∼ 125 GeV/n for cosmic ray helium’s. As
the statistics of PAMELA above the kinks are poorer, it is possible to draw power law spectra
either to ATIC-2 or CREAM-I spectra from the kinks within the statistical error, both for cosmic
ray protons and helium’s.

Here, we construct 3 CRS models with these recent observations. 1) Use the spectra sug-
gested by PAMELA below 250 GeV for protons and below 125 GeV/n for helium’s, and the
spectra above the kinks are the ones suggested by CREAM approximated by single power law
spectra, both for protons and helium’s. This model gives lowest nucleon flux among all the CRS
models including HKKMS from 100 GeV to ∼ 1 PeV. We call this model as CREAM CRS model.
2) Use the spectra suggested by PAMELA below 250 GeV for protons and below 125 GeV/n for
helium’s, and the spectra above the kinks are the ones suggested by ATIC-2 approximated by
single power law spectra, both for protons and helium’s. This model gives lower nucleon fluxes
than that of HKKMS CRS model from 100 GeV to 1 TeV. We call this model as ATIC CRS
model. 3) Use the spectra suggested by PAMELA below 100 GeV for protons and below 50
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Figure 3: Comparison of the atmospheric muon (µ+ +µ−) spectra in the ratio to the muon spectrum in HKKMS
(left panel) and the comparison calculated atmospheric neutrino spectra in the ratio to the neutrino (νµ + ν̄µ +
νe + ν̄e) spectrum in HKKMS (right panel). The marks in the left panel are the observed data by BESS at
Tsukuba. In the both panel, solid line stands for the calculation with CREAM CRS and HKKMS interaction
models, dashed line for that with ATIC CRS and HKKMS int. models, dotted line for that with CREAM-power
CRS and HKKMS int. models, and dash-dot for that with CREAM CRS and CREAM interaction models.

GeV/n for helium’s and extend them by power indexes suggested by the CREAM-I data. This
model gives a little lower, but very close nucleon flux to that of HKKMS CRS model. We call
this model as CREAM-power CRS model.

4 Study of hadronic interaction with the new CRS models

With these CRS models, we calculate the atmospheric muon spectra in the following combi-
nations: 1) CREAM CRS and the HKKMS int. models, 2) ATIC CRS and the HKKMS int.
models, 3) CREAM-power CRS and the HKKMS int. models, and 4) CREAM CRS and the
interaction model modified to reproduce the observed atmospheric muon spectra with CREAM
CRS model. We call this interaction model as CREAM int. model. Summing µ+ and µ+

spectra, we compare the calculated atmospheric muon spectra in the ratio to that calculated
in HKKMS scheme in the left panel of Fig. 3. We also plotted the observed data by BESS at
Tsukuba 3, as the most reliable data in this momentum range.

The calculation with CREAM CRS and HKKMS int. models gives the lowest atmospheric
muon spectrum among all the calculations. The difference of the observed and calculated muon
spectra exceed 10% in a wide momentum range, which is not acceptable to use in our calculation
of atmospheric neutrino spectra. The calculation with ATIC CRS and HKKMS int. models gives
also lower muon spectra in this momentum range, showing the maximum difference of ∼ 7 %
at ∼ 25 GeV, corresponding to the maximum difference of cosmic ray nucleon spectra to the
HKKMS CRS model at ∼ 250 GeV. The calculated atmospheric muon spectra with CREAM-
power CRS and HKKMS int. models is almost consistent with the observed muon spectra and
calculated ones in HKKMS. It is also true for the calculation with CREAM CRS and CREAM
int. models as intended.

We also calculate the atmospheric neutrino spectra with CREAM CRS and HKKMS int.
models, ATIC CRS and HKKMS int. models, CREAM-power CRS and HKKMS int. models,
and CREAM CRS and CREAM int. models. Again summing νµ, ν̄µ, νe, and ν̄e, we compared
them in the ratio to that calculated in HKKMS scheme in the right panel of Fig. 3.

We find that the calculations which can reconstruct the observed atmospheric muon spectra
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Figure 4: Comparison of the interaction model in terms of Z-factor defined by eq. 1. Solid thick line stands for
the CREAM int. model, thin line for the HKKMS int. model, and dashed line for the original DPMJET-III.

give very close atmospheric neutrino spectra to the HKKMS calculation. This is a demonstration
of the conclusion of our former study 8, that when we can calculate the atmospheric muon
correctly with a cosmic ray spectra model and a hadronic interaction model, they will give the
correct atmospheric neutrino spectra.

The magnitude of the modification is shown by the variation of the of the Z-factor defined
as;

Zi ≡ Ni < x1.7i >, and xi ≡
pi

pproj
. (1)

In Fig. 4, the Z-factors of original DPMJET-III, HKKMS int., and CREAM int. models are
shown as the function of projectile energy for p – air interactions.

5 summary

After we summarized the former study of hadronic interaction with the atmospheric muons, we
have constructed 3 possible CRS models; CREAM, ATIC, and CREAM power models, with
recent cosmic ray observations by ATIC02, CREAM-I, and PAMELA. Then we calculate the
atmospheric muon and neutrino spectra with these CRS models using the interaction model
used in HKKMS. As the CREAM power CRS model is very close to the HKKMS CRS model,
the resulted atmospheric muon and neutrino spectra are very close to those in HKKMS. Also
even with the CREAM CRS model, when the interaction model is modified so that it reproduce
the observed atmospheric muon spectra, resulted atmospheric neutrino spectra are very close to
the one calculated in HKKMS.

The CREAM CRS model gives the lowest cosmic ray nucleon flux, and is most different
model from the HKKMS CRS model among all the models we considered here. For any CRS
model closer to HKKMS CRS model, we would be able to modify the interaction model so
that it reproduce the observed atmospheric muon spectra, and the atmospheric neutrino spectra
calculated with it would be very close to those calculated in HKKMS at the energies where the
main sopurce is π − µ decay. This is a demonstration of the one of the conclusion stated in
Sanuki et al. 8.

Here, we would like to note that AMS-02 21 has started the observation on the ISS 22, and
expected to collect huge primary cosmic ray data in 100 GeV/n – 1 TeV /n. Also balloon
borne cosmic ray observation series experiments, such as CREAM, are being carried out. Those
experiments will improve the knowledge of the of the cosmic rays above 100 GeV/n largely, and



determine the cosmic ray spectra there like the AMS and BESS achieved at energies below 100
GeV/n. When the cosmic ray spectra at energies above 100 GeV/n are known well, we will
repeat the study for the hadronic interaction model, and improve the calculation of atmospheric
neutrino spectra.

Acknowledgments

The author is grateful to the organizer of EDS11 held in QuyNhon Vietnum for the hospitality.
He also thanks to T. Kajita, K. Kasahara, S. Midorikawa, J. Nishimura, and A. Okada for the
discussions.

References

1. J. Alcaraz et al. (AMS-01), Phys. Lett. B 490, 27 (2000).
2. T. Sanuki et al. (BESS), Astrophys. J. 545, 1135 (2000).
3. S. Haino et al. (BESS), Phys. Lett. B 594, 35 (2000).
4. K. Abe et al. (BESS), Phys. Lett. B 564, 8 (2003).
5. T. Sanuki et al. (BESS), Phys. Lett. B 541, 234 (2002).
6. S. Roesler, R. Engel, and J. Ranft(2000), hep-ph/0012252.
7. M. Honda, et al., Phys. Rev. D 70, 043008 (2004).
8. T. Sanuki, et al., Phys. Rev. D 75, 043005 (2007).
9. M. Honda, et al., Phys. Rev. D 75, 043006 (2007).
10. K. Asakimori et al., (JACEE) Astrophys. J. 502, 278 (1998).
11. A.V. Apanasenko, et al., (RUNJOB) Astropart. Phys. 16, 13 (2001).
12. A.D. Panov et al. (ATIC-2), B. Russ. Acad. Sci. Phys. 73, 564 (2009)
13. Y.S Yoon et al. (CREAM-I), Astrophys.J 728, 122 (2011)
14. O. Adriani et al. (PAMELA), Science 332, 69 (2011)
15. T.K. Gaisser et al. Proc. of the 27th Int. Cosmic Ray Conf., Hamburg, 5:1643, 2001.
16. C. Alt et al. (NA49), Eur. Phys. J. C 49, 897 (2006)
17. P. Achard et al (L3+C). Phys. Lett. B 598, 15 (2004).
18. O.C. Allkofer et al. (DEIS), Nucl. Phys. B 259, 1 (1985).
19. S. Matsuno et al. (MUTRON), Phys. Rev. D 29, 1 (1984).
20. M. Honda, et al., Phys. Rev. D 83, 123001 (2011).
21. see the web page: http://www.ams02.org/ .
22. see the web page: http://www.nasa.gov/mission pages/station/main/index.html .


