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Abstract. The primary cosmic ray spectrum below 100 GeV  After we have had presented a calculation of the atmo-
has been measured very accurately by the recent experimergpheric neutrino flux(Honda et al., 1995, refered as HKKM
such as BESS and AMS. Also the measurements of secondahereatfter.), the measurement of the primary cosmic ray ob-
cosmic rays such as muons and gamma rays are extensivegervation has been improved in the accuracy. Especially the
carried out in order to improve the prediction of atmosphericagreement of proton flux by the BESS and AMS witkis%
neutrino flux. Using the results of accurately measured cosis a milestone in the cosmic ray physics (Fig. 1). However,
mic ray fluxes, we revise the hadronic interaction model andit is 20 ~ 25 % lower than the proton flux model used in
calculate the atmospheric neutrino flux. the HKKM calculation. The new compilation of the primary
cosmic ray spectrum is reported in another paper of this con-
ference (Gaisser et al., 2001), and we use the “high” fit pa-
rameterization in the paper.

There have been improvements in the the hadronic interac-
tion model in the high energy physics. In the HKKM calcu-
lation, we used the NUCRIN fox E;,, <5 GeV, FRITIOF
version 1.6 for 5 Ge\K Ej,;, < 500 GeV, and an original
code developed by one of our author (Kasahara, 1995) was
used above 500 GeV. We simply refer the combination of the
hadronic interaction models as the HKKM interaction model.
In this paper, we also study dpmjet3 (Roesler, 2000) from the
modern hadronic interaction models, and compare the result-
ing muon spectrum with the experimental data, as well as the
results of HKKM interaction model.

Note that the measurements of the secondary cosmic rays,
such as atmospheric muons and gamma rays, have been car-
) ried out extensively to improve the prediction of atmospheric
10° 10t 102 103 104 10° neutrino flux (Boezio et al., 2000) (Motoki et al., 2001)

Ep (GeV) (Sanuki et al., 2001). The accurately measured primary and

secondary cosmic ray fluxes enable us to calibrate the cal-

F|g 1. Primary cosmic ray observation and model curves for Culation method inCIUding the hadronic intel’action mOdel. A
proton cosmic rays. Pluses, closed squares, closed vertical disimilar study with the atmospheric gamma ray has been done
amond, closed upward triangles, and closed downward trianglesn a separate paper of this conference (Kasahara et al., 2001).
are from Refs,[22],[26],[25],[34],[35],[36], and [38] of Honda
et al,, 1995, respectively. Crosses, open squares, open up-
ward triangles, open downward triangles, open vertical diamonds;
open circles BESS, and open horizontal diamonds are from Refs,
[18],[19],[20],[21],[22],[23], and [24] of Honda et al., 2001, respec-
tively. The solid line shows the proton flux model used in this paper
and dashed line the one used in Honda et al., 1995.
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Comparison of HKKM and dpmjet3 interaction mod-
els

We have plotted the x-distribution @¢ + Air — P + X
and P + Air — 7 + X calculated with the dpmijet3 in-
Correspondence td¥l. Honda (mhonda@icrr.u-tokyo.ac.jp) teraction model in Fig. 2, and those with HKKM interac-
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Fig. 2. X-distribution of P + Air — P+ X (left), andP + Air —
7T+ X (right) calculated with the dpmjet3 interaction model. Solid
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Fig. 4. The energy distributions of primary cosmic rays which pro-
duce 0.3, 1, 3, and 10 GeV atmospheric neutrinos in the accumu-
lated probability. They are calculated for low rigidity cutoff site

lines stands for the input kinetic energy of 10 GeV, dashed lines forgnqg for near vertical directions. The Solid lines aredpr+ 7, and
100 GeV dotted lines for 1 TeV, dash dot for 10 TeV, and dash dotgtted lines for, + ..

dot for 100 TeV.

tion model in Fig. 3. The variable x is defined herezas-
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Fig. 3. X-distribution of P + Air — P + X (left), and P +

Air — 77 4+ X calculated with the HKKM interaction model.
Solid lines stands for the input kinetic energy of 10 GeV, dashed
lines for 100 GeV dotted lines for 1 TeV, dash dot for 10 TeV, and
dash dot dot for 100 TeV.

0.3, 1, 3, and 10 GeV atmospheric neutrinos in the accumu-
lated probability. We note that the median energy of relevant
cosmic ray for those neutrinos are around 8, 20, 50, and 140
GeV, respectively

In Fig. 5, the energy distribution of cosmic rays which
produce 0.3, 1, 3, and 10 G¢¥ atmospheric muons at the
ground level and for near vertical directions. The median en-
ergy of the relevant primary cosmic rays are around 20, 30,
50, 110 GeV respectively. The energy distribution of relevant
primary cosmic ray for muons is closer than that for neutri-
nos and have wider overlaps for different muon momentums.

In Fig. 6, the energy distribution of primary cosmic rays
which produce 0.3, 1, 3, and 10 Gg¥atmospheric muons
at the air depth of 4.6 fgm*. The median energy of the
relevant primary cosmic rays are around 4, 7, 20, 60 GeV
respectively. Note that while the energy of relevant primary
cosmic ray is lower than that for muons at ground level the
separation of energy distribution is better at balloon altitude.
These are great advantages to test the interaction models.

The secondary spectrum of pions are a little harder in dp-
mjet3 interaction model. The secondary spectrum of pro-

tons for dpmjet3 has a dip &bg(x) ~ —0.1 which is not
seen in HKKM model. As the results of these differences,
pions carry~ 15 % large energy fraction in the dpmjet3
hadronic interaction model than the HKKM hadronic inter-
action model. The nucleons, however, carrie20 smaller

energy fraction in the hadronic interaction dpmijet3 than the

HKKM hadronic interaction model.

3 Energy relation of atmospheric neutrinos and muons
to primary cosmic rays
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Before starting the study of atmospheric muon spectra, it is

useful to see the energy relation between the primary cosmi€ig. 5. The energy distribution of primary cosmic ray which pro-
rays and atmospheric neutrinos and muons. Fig. 4 shows théuce 0.3, 1, 3, and 10 G¢'¢ atmospheric muons at low cutoff rigid-
energy distribution of primary cosmic rays which produce ity site in the accumulated probability.
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) o _ _ ~ Fig. 8. Observed and calculate muon fluxes for Mt Norikura (left)
Fig. 6. The energy distribution of primary cosmic ray energy which and the ratios to the calculation by dpmjet3 model (right). Solid
produce 0.3, 1, 3, and 10 Ggv'atmospheric muons at the balloon |ines show the calculated flux by dpmjet3, and dashed line show the
height (air depth of 4.6 &), in the accumulated probability.  calculated flux by HKKM interaction model.

4 Muons at the ground level of Fig. 8, the ratio to the calculation by dpmjet3 interaction

) model is shown to magnify the differences.
In Fig. 7, we show the muon flux observed by BESS group e agreement between the calculated flux with dpmjet3

and calculated ones with dpmjet3 and HKKM interaction j,ieraction model and observed one is remarkable. Except
models for very low rigidity cutoff site (Lynnlak&, < 1GV) ¢, 1~ flux at~ 10 GeV/c, the agreement is withir 5%.

and for near vertical directions. In the right panel of Fig. 7, 1e energy of the relevant primary cosmic rays at mountain
the ratio to the calculation with dpmjet3 interaction model is 44y de is similar to that at ground level, but a lttle lower.
shown to magnify the differences. Thus the muon observation at mountain altitude supports dp-
From the ratio figure, it is seen that the fluxes calculatedmjetS in the energy region around 9 — 90 GeV in the primary
with HKKM interaction model disagree with the observa- .,qmic ray energy. On the other hand, the calculated results

tion below~ 3 GeV. On the other hand the calculated fluxes by HKKM model does not agree with the observed data ex-
with dpmjet3 marginally agree with the observation. -At cept for the ‘crossing points’ at 5 GeV/c.

10 GeV/c region, the agreement of HKKM model and ob-

servation becomes better, but the error and the scatter of data

points are large. There we conclude that HKKM interactiong  Muons at balloon altitude

is disfavored by the observed muon flux belev@ GeV. This

muon energy region corresponds to the primary energy of 1Qn Fig. 9, we show the muon fluxes observed by BESS (Sanuki
—100 GeV from Fig. 5. et al., 2001) at the air depth of 4.6gr?, and by CAPRICE
(Boezio et al., 2000) at the air depth of 3.2cg?, with the
calculated ones. Also the ratios to the calculated muon fluxes
by dpmjet3 are shown altogether in Fig. 10. Although, the

In Fig. 8, we show the muon flux observed by BESS group attrror anq the scatter of data points are large, it is seen that
dpmijet3 is preferred from the observed data at muon ener-

Mt. Norikura (2770m a.s.l.) and the calculated ones for this™" 1 GeV/e. H | tatistics i i ilabl
altitude and for near vertical directions. In the right panel gies=> 1€ /c. However, a large sta ISicS 1S not avarable
at this altitude, due to the small flux itself and the limited

observation time. Therefore, it is not yet convincing.

5 Muons at mountain altitude
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" 1ot % ol " Xg;%f;\& . In the comparison of observed flux and calculated ones, we
s E ”wﬁ % Qf{ have seen that dpmjet3 shows better agreements than the HKKM
g ? ¥ W ‘ interaction model at all the altitude level, and corresponding
L 01 ] to the primary cosmic ray energy range of 7-100 GeV.
10 ‘ ‘ ‘ ‘ Using the dpmijet3 and the new flux model, we have cal-
o Govie) 2 1 ey P culated the atmospheric neutrino flux and show in Fig. 11 as

well as the ones calculated with HKKM interaction model
Fig. 7. Observed and calculate muon fluxes for Lynnlake (left) and @Nd new flux model. We find dpml_et3 gives15 % lower
the ratios to the calculation with dpmjet3 model (right). Solid lines neutrino fluxes below- 1 GeV, but gives- 10 % higher flux
show the calculated flux with dpmjet3, and dashed line show theat~ 10 GeV. The atmospheric neutrino flux calculated with
calculated flux with HKKM interaction model. the dpmjet3 hadronic interaction model may be a little more
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Fig. 10. Ratio of muon fluxes to the calculate one by dpmjet3 in-  cosmosHome/.
teraction model. The dashed lines show the calculated fluxes by th&®oesler,S. Engel, R. and Ranft J., SLAC-PUB-8740, hep-
HKKM interaction model. ph/0012252, to be published in Proceedings of the the Confer-
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reliable than that calculated with the HKKM hadronic inter- Motoki, K. et al., This conf.
action model belowg 3 GeV. Sanuki, T. et al., This conf.
We have presented the study of interaction model using thé<. Kasahara et al., This conf.
accurately measured secondary cosmic ray fluxes, and find
that it is useful. However, we have to stress that the study
is still progressing. Note that the accuracy of the primary
cosmic ray spectrum is crucial in this study. Also We need
more observed data, especially the muon flux at mountain
and balloon altitudes, to improve this study.
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