PHYSICAL REVIEW D 79, 114027 (2009)

Study of low energy hadronic interaction models based on BESS observed cosmic ray proton and
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We study low energy hadronic interaction models based on BESS observed cosmic ray proton and
antiproton spectra at medium high altitude. Among the three popular low energy interaction models, we
find that FLUKA reproduces the results of BESS observations on the secondary proton spectrum
reasonably well over the whole observed energy range, the model UrQMD works well at relatively
higher energies, whereas the spectrum obtained with GHEISHA differs significantly from the measured
spectrum. The simulated antiproton spectrum with FLUKA, however, exhibits significant deviation from
the BESS observation whereas UrQMD and GHEISHA reproduce the BESS observations within

experimental error.
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I. INTRODUCTION

Precise examination of the development of a cosmic ray
shower in the earth’s atmosphere is important in various
contexts such as in the study of atmospheric neutrino
oscillations or in the study of ultrahigh energy cosmic
rays. The detailed process of development of such an
extensive air shower (EAS) is, however, too complicated
to be amenable to simple analytical descriptions. The main
results concerning the flux and the other important features
of the secondary cosmic ray particles in an EAS are thus
obtained principally through the Monte Carlo (MC) simu-
lation techniques.

MC simulations of the extensive air shower are strongly
dependent on our knowledge of the interaction mecha-
nisms of energetic particles. Such knowledge of particle
interactions is somewhat uncertain at high energies as the
accelerator data for relevant target-projectile combinations
covering the whole kinematic region are not yet available.
Even at very low (below ~5 GeV) and low/intermediate
(from few GeV to a few hundred GeV) energies, there is a
lack of data on hadron-nucleus interactions and almost no
measurements are available for the particle production in
pion-nucleus collisions. One, therefore, relies mostly on
theoretical models of particle interactions in such cases.
The interaction models used in different simulation pro-
grams are necessarily extrapolations of known processes
and/or of low energy accelerator data so that each model
has its own parametrization guided by some (mainly QCD-
motivated) theoretical prescriptions. The limited knowl-
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edge of particle interactions is considered to be one of
the main sources of uncertainty in the estimation of the
secondary particle flux in an EAS.

In view of the large uncertainties involved in the de-
scription of high energy particle interactions, the influence
of high energy hadronic models on air shower observables
has been a topic of active research for quite some time.
Recent studies, however, suggest that the low energy had-
ronic interaction models also play a crucial role in the
precise estimation of the low energy secondary cosmic
ray flux in the atmosphere [1-3] simultaneously influenc-
ing some of the important characteristics of the extensive
air showers. A strong dependence of the lateral particle
distribution of the simulated extensive air showers at large
core distances on the low energy hadronic interaction
models has been reported [4].

The aim of the present work is to examine the sensitivity
of the low to intermediate energy secondary proton and
antiproton fluxes on the relevant hadronic interaction mod-
els. The simulated showers of secondary protons, which
mainly arise from hadronic interactions of the forward
kinematic region, are expected to be particularly respon-
sive to the choice of interaction models. To generate sec-
ondary fluxes for various models of hadronic interactions,
the air shower simulation program CORSIKA (cosmic ray
simulation for Kascade) version 6.600 [5] is exploited here.
A novel feature of the CORSIKA program is that it allows
one to choose any of the three popular models, namely,
GHEISHA [6], FLUKA [7], and UrQMD [8,9], for the
portrayal of the low energy hadronic interactions as well as
one of the seven different models, namely, DPMJET [10],
HDPM [11], QGSJET 01 [12], SIBYLL [13-15], VENUS
[16], NEXUS [17], and QGSJET II [18], for the description
of hadronic interactions at high energies. The borderline
between the high and the low energies is set as 80 GeV/n
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by default in this simulation program. Whether the low
energy interaction models of CORSIKA can be discriminated
vis-a-vis actual measurements will also be examined in this
paper by comparing the simulated secondary proton and
antiproton spectra obtained by using different low energy
interaction models with the observations.

A practical problem in differentiating the influence of
hadronic interaction models is that the estimation of sec-
ondary fluxes through MC simulations includes various
systematic errors caused not only by the built-in uncertain-
ties in the interaction models but also by the uncertainties
involved in the estimation of values of various physical
inputs, such as the primary cosmic ray fluxes, the atmos-
pheric density profiles, etc. The effects of such errors on
the calculation of physical inputs considerably complicate
the simulated flux in such a way so as to make it difficult to
isolate out the influence of interaction models alone on the
calculated values of secondary fluxes. In particular, a
dominant systematic error in evaluating the flux of cosmic
ray secondaries arises from the uncertainties involved in
the estimation of input fluxes of the primary cosmic rays.
To minimize such uncertainties, the simulated results of
secondary cosmic ray protons and antiprotons would be
compared here with the recent precise measurements of
such fluxes at the mountain altitude, at an atmospheric
depth of 742 gcm™2, by the BESS spectrometer [19].
Also, the primary cosmic ray energy spectra, as measured
by the same BESS instruments [20], would be considered
in this paper as the inputs in the simulations after taking
into account the effect of solar modulation that is appro-
priate for the specific period of the measurement of sec-
ondary fluxes by the BESS experiment.

The article is organized as follows: in the next section,
we would provide a short account of the low/intermediate
energy interaction models to be considered. The simulation
procedure adapted in this work would be described in
Sec. III. After a brief review of the precision measurements
of hadronic and muon fluxes by the BESS spectrometer,
the results of the simulations are compared with the cor-
responding observations in Sec. IV. Concluding remarks
are given in Sec. V.

II. HADRONIC INTERACTION MODELS AT THE
LOW TO INTERMEDIATE ENERGY RANGE

GHEISHA, UrQMD, and FLUKA are among the most
popular hadronic interaction models in the low to inter-
mediate energy range that would hereafter be referred as
the “low energy models”™ in accordance with the terminol-
ogy used in air shower simulations. These models find
ample applications in various branches of physics and
biophysics including the simulations of accelerator-based
experiments, detector design, simulations of the cosmic
rays, neutrino physics, radiotherapy, accelerator driven
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systems, etc. We have used FLUKA version 2006.3b,
GHEISHA version 2002d, and UrQMD version 1.3 in the
present work.

GHEISHA [6] is based on the parametrization of accel-
erator data. It was originally developed as an event gen-
erator in which the energy, momentum, charge, and the
other quantum numbers are conserved only in the sense of
an average instead of being conserved on an event-by-
event basis. GHEISHA has been successfully used in the
detector MC code GEANT [21] over the last 20 years and is
currently being used as the default low energy interaction
model in the EAS simulation program CORSIKA. A recent
comparison with experimental data, however, exhibits a
few shortcomings of the older version of GHEISHA
[22,23]. The new version of the model (GHEISHA version
2002d), which has been used in the present work, incor-
porates certain modifications in kinematics through cor-
rection patches [23] thereby improving the energy and
momentum conservation.

The simulation package FLUKA [7] describes particle
interactions microscopically. It mainly employs resonance
superposition models at the low energies (up to about 3—
5 GeV), while relying on the two-string interaction model
(the dual parton model) [24] at the intermediate energies.
The basic conservation laws are obeyed at every single
interaction level a priori. The resonance energies, widths,
cross sections, and the branching ratios are extracted from
the data and from the conservation laws by making explicit
use of the spin and the isospin relations. In this model, the
high energy hadron-nucleus interactions are described as a
sequence of the Glauber-Gribov cascade, the generalized
intranuclear cascade, preequilibrium emission and evapo-
ration/fragmentation/fission and the final deexcitation,
whereas, the nucleus-nucleus interactions above a few
GeV/n are treated in FLUKA by interfacing with the
DPMIJET [10] model. A relativistic quantum molecular
dynamics model [25] has been exploited at low energies
to describe the nucleus-nucleus interactions.

In contrast, the UrQMD (ultrarelativistic quantum mo-
lecular dynamic) model [9] was originally designed for
simulating relativistic heavy ion collisions in the energy
range from around 1 AGeV to a few hundred AGeV that is
the range of the (laboratory) energy in the case of the RHIC
experiment. This microscopic model inherits the basic
treatment of the baryonic equation of motion in the quan-
tum molecular dynamic model and describes the phenome-
nology of hadronic interactions at low and intermediate
energies in terms of the interactions between known had-
rons and their resonances. The model does not use an
intrinsic cross section calculation. Instead, the projectile
is allowed to hit a sufficiently large disk involving maxi-
mum collision parameters as a result of which the program
consumes rather long a CPU time. We may add here that
both UrQMD and FLUKA describe fixed target data rea-
sonably well.
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III. ADAPTED SIMULATION PROCEDURE

The cosmic ray EAS simulation code CORSIKA [5] is
widely used in various studies ranging from TeV gamma
rays to the highest energy cosmic rays. Originally devel-
oped for the reproduction of extensive air showers with
primary energies around the knee of the cosmic ray spec-
trum (i.e., around 101 eV), CORSIKA has also found appli-
cations in the estimation of the flux of low energy
secondary cosmic ray particles such as the neutrinos [1].
In the present work, the low energy hadronic interaction
models FLUKA, GHEISHA, and the UrQMD have been
used in combination with the high energy (above about
80 GeV/n) hadronic interaction model QGSJET 01 ver-
sion lc [12] in the framework of CORSIKA to generate
secondary cosmic ray spectra. Because of the steeply
falling energy spectrum of the primary cosmic rays, the
contribution of the primary particles with energies above
80 GeV/n on the secondary proton spectrum is found to be
only about 15% in our simulations. The high energy had-
ronic interaction models are, therefore, not likely to have
much effect on the low energy secondary proton and anti-
proton spectrum.

The fluxes of secondary particles obtained by using
CORSIKA have statistical as well as systematic errors.
Apart from the uncertainties in the theoretical treatment
of the hadronic interactions, the other major source of
systematic error in the calculation of the secondary cosmic
ray flux may, in fact, be the inaccuracies in the determi-
nation of absolute flux of the primary particles as was
already mentioned in the Sec. I above. Some details on
the primary spectrum and especially the effects of solar
modulation and the geomagnetic field on such spectrum
are, therefore, described in the following.

A. The primary spectra

In order to calculate the fluxes of the secondary cosmic
rays, the primary cosmic ray energy spectrum is required as
input in the simulations. The uncertainties in the determi-
nation of such primary flux have been substantially re-
duced in recent years with new precise measurements by
the BESS (BESS-98 [20], the BESS-TeV [26]) and the
alpha magnetic spectrometer [27,28] experiments. The
detectors of such experiments were calibrated by using
the accelerator beams thus ensuring the performance of
those detectors. The spectra of primary cosmic ray protons
observed by such experiments exhibit very good agreement
with each other. Such an agreement is somewhat poorer in
the case of the primary « particles, though being quite
satisfactory for the purpose of our simulations. Also, the
observed total primary nucleon flux below about 100 GeV,
the dominant contribution to which is from the H nuclei, is
found to agree within an accuracy of 4.0% in the above
three experiments [3,29]. For such reasons, we arbitrarily
choose the BESS-98 primary spectra as the input primary
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spectra in our EAS simulations as described in the
following.

The BESS mission collected data for the absolute fluxes
of primary protons and helium nuclei down to 1.0 GeV
[20]. The effect of the so-called solar modulation, how-
ever, introduces a prominent time dependence on the ab-
solute flux of the primary particles below about 10 GeV.
The effect of such solar modulation may be handled by
using a simple force field approximation [30,31], according
to which the differential intensity J;(7T, ¢ (¢)) of cosmic ray
nuclei of the species i with a charge number Z and a mass
number A that have a kinetic energy 7 (in MeV per
nucleon) at a distance of 1 AU from the sun is given by [32]

J{T, (1) = Jus (T + (1))
v (T + 2m,)
(T + )T + (1) + 2m,)’

(D

where m, = 938 MeV is the proton rest mass and ¢ (1) =
(Ze/A)p (1) with ¢(¢) being a solar modulation potential in
MV. Here, Jys; denotes the local interstellar spectrum of
the cosmic ray nuclei of type i at (practically) infinite
distance from the Sun. Depending on the solar activity,
the modulation potential ¢(f) may be obtained by using
theoretical models. Accordingly, for each period of the
solar cycle, the incident cosmic ray flux may be corrected
for different solar modulation effects using the above
equation.

In the following, we incorporate the force field approxi-
mation in the CORSIKA program and consider an energy
dependence for interstellar cosmic ray intensity as pre-
scribed by [33]. Such a dependence is given by

J P(T) 78

Ji[T] = )
usl7] 1 + 0.4866P(T) 2!

2

where J, is a normalization factor and P(T) =

JT(T + 2m,). By using CORSIKA, we next generate the
primary energy spectra (without considering the geomag-
netic cutoff) for the primary protons and the « particles by
considering ¢ = 0.565 GeV as the value of the solar
modulation potential that is applicable to the BESS 98
flight [32]. Such primary spectra are then compared with
the BESS observation of the primary proton and the He
spectra [20], as shown in the Figs. 1 and 2, respectively.

It is clear from the figures that the agreement between
the simulated spectra and the observations is quite satis-
factory. Subsequently, for the BESS high altitude measure-
ment of the secondary proton and the antiproton fluxes in
September 1999, the primary cosmic ray spectra are gen-
erated taking a solar modulation potential ¢ = 0.685 GeV
[32] into account. It is to be noted that, in obtaining the
above spectra for the primary protons and the « particles,
we allowed the energy of such particles to vary between the
minimum of the geomagnetic cutoffs (see the explanation
below) and a maximum energy of 10'* eV.
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FIG. 1. Comparison of simulated primary proton spectrum
with the BESS 1998 observation.

B. The geomagnetic cutoff

The Earth’s magnetic field imposes a cutoff energy
below which the primary cosmic rays cannot penetrate
the atmosphere. Such geomagnetic cutoff is an important
ingredient of simulation for the estimation of the secondary
particle fluxes in an EAS as it affects the primary cosmic
ray flux at a particular location on the Earth. It also
produces the zenith and the azimuth angle variation of
cosmic ray flux at each position. We may here note that,
for the measurement of the primary cosmic ray spectra
[20], the BESS spectrometer was flown from Lynn Lake,
Canada where the vertical geomagnetic rigidity cutoff is
quite small, being only about 0.5 GV. For this reason, the
geomagnetic cutoff has not been taken into account for

— r —— r
B BESS 1998 observation
Simulated primary He spectrum E

100 4

Primary He flux x kinetic energy (m? sr” s™)

1 10
Kinetic energy per nucleon (GeV/n)

FIG. 2. Comparison of simulated primary a particle spectrum
with the BESS 1998 observation.
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reproducing the BESS 1998 data in Figs. 1 and 2. However,
the BESS experiment measured the secondary proton spec-
trum at Mt. Norikura, Japan, where the vertical rigidity
cutoff is much larger, being around 11.2 GV in magnitude.
A precise estimation of the geomagnetic cutoff is, there-
fore, important for reproducing the secondary proton spec-
trum at Mt. Norikura.

The geomagnetic rigidity cutoff needs to be computed
for each primary cosmic ray particle. In the present work,
the geomagnetic cutoff calculations have been performed
using the (back) trajectory-tracing technique [34]. The
quiescent international geomagnetic reference field model
for 1995 [35] of the Earth’s magnetic field has been used
for such cutoff calculations. In reality, the cosmic ray
rigidity cutoff may not take a unique value; a penumbra
region may exist in the particle rigidity range for a par-
ticular direction. In the penumbra region, a complex series
of allowed and forbidden cosmic ray trajectories coexists
and an effective rigidity cutoff is obtained considering the
transmission through the penumbra. The mean geomag-
netic rigidity cutoff obtained from the calculations for
cosmic ray particles entering the atmosphere at the location
of Mt. Norikura from different directions are shown in
Fig. 3.

The penumbra region of the cutoff at the Mt. Norikura
location is shown in Fig. 4. The width of the penumbra
region at the Mt. Norikura location is found to vary from
0.0 GV to about 4.0 GV in some particular directions.

The geomagnetic rigidity cutoff calculations have been
used to modify the primary cosmic ray spectra obtained
from the CORSIKA. The bending of the charged particles in
the Earth’s magnetic field during the development of the

FIG. 3 (color online).

Directional dependence of the mean
geomagnetic cutoff for primary cosmic rays at the location of
Mt. Norikura.
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width of penumbra (GV)

FIG. 4 (color online).

The width of the geomagnetic penumbra
region at the location of Mt. Norikura.

EAS is, however, taken into account by the CORSIKA pro-
gram itself.

C. Other settings

The fluxes of the cosmic ray secondaries also depend on
the atmospheric density profile. We consider the U.S.-
standard atmospheric model [36] with a planar approxima-
tion in the present work. Such a model of the atmosphere
has been found to be reasonable for describing the atmos-
pheric muon spectra at high altitude [2]. The planar ap-
proximation works only in the case of the zenith angle for
the primary particles being less than 70°. As the BESS
observation of the secondary cosmic rays was restricted to
zenith angles much smaller than 70° (see below), the
planar approximation seems to be sufficient to simulate
such an observational situation. Moreover, the validity of
such approximation for the primary zenith angle has also
been checked in the present analysis by first generating
data with the “CURVED” version of CORSIKA [37]. We
considered a particular set of input parameters with a
primary zenith angle chosen to be in the range of 0° to
89° in this particular simulation. The results of such a
simulation are then compared with those given by the
planar version of the CORSIKA program with an identical
set of input parameters but with a maximum primary zenith
angle now being less than 70°. The primary and the sec-
ondary spectra obtained from the two programs agree with
each other to high accuracy. Further details of such a
comparison are, however, excluded in this paper for the
sake of brevity.

Proton, helium, and the heavier nuclei up to iron are
considered here as the primary particles of an EAS.
However, instead of taking each of the elements individu-
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ally, the primary nuclei heavier than helium are taken in
three separate groups, namely, the medium (5 < Z < 10,
(A) = 14), heavy (11 < Z <20, (A) = 24), and the very
heavy (21 < Z < 30, (A) = 56) nuclei, respectively. The
spectra for those groups are taken from the compilation of
[38]. The sum of the fluxes of individual elements is taken
as the flux of a group, and for power index the weighted
average value is used. Contributions of each variety of the
primary particles to the secondary proton/antiproton fluxes
have been separately estimated. Such individual contribu-
tions are finally summed up to get the resultant secondary
flux of protons and antiprotons in the EAS. Nearly (2-7) X
107 events have been generated here for the estimation of
the fluxes of such secondary particles.

IV. SIMULATED RESULTS AND COMPARISON
WITH OBSERVATION

Only a few measurements of the cosmic ray proton
fluxes at the mountain altitude have been reported so far.
The most recent of such observations is due to the BESS
group [19] that used a high resolution spectrometer with a
large acceptance area consisting of a superconducting
magnet and a drift chamber based tracking system. Both
the atmospheric proton and antiproton spectra at
Mt. Norikura at an atmospheric depth of 742 gcm ™2
were measured in this observation. A threshold-type aero-
gel Cherenkov counter was used there to distinguish pro-
tons and antiprotons from the muons. Besides, the
experiment was equipped with an electromagnetic shower
counter to separate electrons and positrons from the muons
for the muon analysis. The range of kinetic energy covered
in the above experiment was 0.25 to 3.3 GeV/c.

-
o
|

B BESS Observation

FLUKA
I R UrQMD
- - - - GHEISHA

Vertical proton flux (m 2s™ sr’ GeV™)

o
o

T
1

Kinetic energy (GeV)

FIG. 5 (color online). The differential spectra of vertical pro-
ton at Mt. Norikura obtained by using three low energy models
as is described in the text. The results of the BESS observation is
also given for comparison.
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In Fig. 5, the vertical proton spectra, as obtained from
the CORSIKA simulations by using all three low energy
interaction models at the location of Mt. Norikura, are
plotted and compared with the observation of the BESS
experiment. In the observation, the zenith angle (6,) of the
measurements was limited to cosf, = 0.95. The same
restriction on the zenith angle has been retained here in
deriving the simulated proton spectra in Fig. 5. The (sta-
tistical) errors in simulated spectra are quite small, and fall
within the thickness of the representing lines.

It is clear from Fig. 5 that only the FLUKA model
satisfactorily describes the observed data over the whole
energy range. The GHEISHA and the UrQMD give lower
proton flux at the low energy end than the BESS results. In
the case of GHEISHA, in particular, the simulated results
are found to be substantially lower than the BESS obser-
vations over the entire range. The spectrum obtained by
using the UrQMD and the QGSJET combination shows
reasonable agreement with the observations above a sec-
ondary proton energy of 1 GeV but differs at lower ener-
gies. To ensure that the discrepancy at the low energy end
originates from UrQMD but not from QGSJET, the sec-
ondary proton spectrum was also generated (not shown in
this paper) by using the UrQMD and the NEXUS combi-
nation that showed an almost identical deviation from the
observations at the low energy end. Results obtained from
all the three low energy models are, however, found to
approach each other at the higher energy range.

The comparison of the calculated zenith angle depen-
dence of proton flux for two different kinetic energy ranges
(0.30-0.36 and 1.90-2.29 GeV, respectively) with the ones
observed by the BESS experiment [19] at Mt. Norikura is
shown in Fig. 6. While calculating the fluxes in this figure,
we select only those events in our MC simulations that
satisfy cosfl, = 0.85 to be consistent with the BESS ob-
servation. Although the simulated results contain some
fluctuations that are of statistical origin, it seems to be
evident from the plot that the nature of variation of the
simulated proton flux with the zenith angles is in accor-
dance with the BESS observation for all three low energy
interaction models under consideration. However, the pro-
ton fluxes obtained by using GHEISHA is found to be
somewhat lower than that found in the observation over
the whole range of zenith angles, particularly at the lower
energy bin.

The cosmic ray induced p flux in the atmosphere has
been measured at the mountain level by the BESS experi-
ment and is expected to be purely of an atmospheric origin
[19]. The simulated results for the antiproton spectra are
compared with observations in Fig. 7. Surprisingly, the
FLUKA program could not reproduce the observed anti-
proton data well, whereas the antiproton spectrum due to
UrQMD is found to be consistent with the observational
results within the experimental error. GHEISHA too rep-
resents the observed data well. The production spectrum of
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FIG. 6 (color online). The zenith angle dependence of the
proton flux at the location of Mt. Norikura for two different
kinetic energy bins obtained for three low energy models in
comparison with the BESS observation. The band shaded by the
left-tilted lines corresponds to simulated spectrum due to the
FLUKA model. Similarly, the band shaded by almost horizontal
lines corresponds to the UrQMD model, and the band shaded by
the right-tilted lines corresponds to the GHEISHA model.

p is known to peak around 2 GeV [39]. Because of the
propagation in the atmosphere, this spectral peak shifts
towards lower energies as is clearly revealed from Fig. 7.

0.1 4 . . T T
3 = BESS
o Sembroski et al (1986)
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x
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FIG. 7 (color online). The differential spectra of vertical anti-
proton at Mt. Norikura obtained for three low energy models.
The band shaded densely by the left-tilted lines corresponds to
the simulated spectrum due to the FLUKA model. Similarly, the
band shaded lightly by the left-tilted lines corresponds to the
UrQMD model, and the band shaded by the right-tilted lines
corresponds to the GHEISHA model. The results of the BESS
observation and those obtained by [43] in a similar observational
condition are also given for comparison.
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V. CONCLUSION

From the results of our CORSIKA simulations that are
presented in the previous section, we may arrive at the
following conclusions.

(1) The fluxes of cosmic ray secondary protons and
antiprotons at mountain altitude are found to be quite
sensitive to the low energy interaction models. The sec-
ondary protons arise mainly from hadronic interactions in
the forward kinematic region (they mainly come from
valence quark recombination, only a small fraction of the
observed protons could have been produced centrally),
whereas muons come from the central region of the inter-
actions. Consequently, secondary protons of the same en-
ergy as the muons are produced from primaries of
comparatively lower energies. For instance, muons with
kinetic energy of 2 GeV or more are produced predomi-
nantly by 40 to 100 GeV primary particles, whereas a
significant fraction of protons of similar energy are pro-
duced by primary particles of energies less than 40 GeV.
Hence, the secondary protons not only probe the models in
the forward kinematic range but they are more responsive
to the low energy models than the muons or the neutrinos
[40] in the concerned energy region.

(2) The present analysis suggests that, among the three
low energy models admissible in CORSIKA, only the
FLUKA model produces a secondary proton spectrum in
consistence with the BESS observation over the whole
observed energy range. The model UrQMD works well
at relatively higher energies, whereas the spectrum ob-
tained with GHEISHA exhibits significant deviation from
the measured spectrum; i.e., it generates too few protons in
general.

In a recent study, [2] compared simulation results of the
atmospheric muon flux by using the low energy interaction
models FLUKA and UrQMD with the observations. They
noticed that the simulated muon fluxes for the two models
differ considerably from each other at lower energies
though the results for both the models are consistent with
the observed results within experimental error. The BESS
observation of the proton spectrum at mountain level,
however, clearly favors FLUKA over the UrQMD model
at relatively lower energies. Note that, like the proton flux,
the muon flux obtained with UrQMD has also been found
to be lower than that obtained with FLUKA at lower
energies [2]. Besides, the muon charge ratio
[N(u")/N(u~)] obtained with UrQMD was also found
to be lower than the experimental results, especially for
low and intermediate energies [1]. The predictions of
GHEISHA, both on the muon flux and on the muon charge
ratio, differ considerably from observation [1].

The inability of GHEISHA to reproduce the BESS ob-
servation is not totally unexpected as it has been revealed
from recent studies that the model could not properly
replicate the pion and kaon production spectra in hadron-
nucleus interactions observed in accelerator experiments
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[4,23]; the model does not satisfy many of the conservation
laws in a single hadronic interaction. It is worth mention-
ing here that, for generation of secondary cosmic rays,
hadron-nucleus collisions are more relevant, with nitrogen
being the most important target nucleus and the inclusive
cross section for production of a secondary particle in
hadron-nucleus interactions is the most important factor
in atmospheric flux estimation for the secondary particle.
Though the recent version of GHEISHA incorporates cer-
tain modifications in kinematics to overcome the issue of
violation of conservation laws, the present study shows that
the model still has serious limitations in describing the
atmospheric proton spectrum. Since GHEISHA is an em-
pirical model, it is not unlikely that the model will exhibit
shortcomings in the regions where experimental data are
not available.

In the UrQMD model particle production takes place
either via the decay of a meson or baryon resonance or via
string excitation and fragmentation. The leading hadrons
of the fragmenting strings contain the valence quarks of the
original excited hadron. The UrQMD model (as well as
other microscopic models) calculates the inclusive cross
sections for production of various secondary particles in
hadron-nucleus interactions from the properties of hadron-
hadron interactions which are fed into the model as basic
inputs. In this model, the hadronic cross sections are
treated as a function of the incoming and outgoing particle
types, their isospins and their center-of-mass energy. An
effective parametrization of various cross sections is em-
ployed in the UrQMD model based on simple phase space
considerations; free parameters are tuned to experimental
measurements (in the absence of quality experimental data,
they are extracted from other cross sections via general
principles with approximations). The prediction of the
model on the multiplicities of prominent secondary parti-
cles produced in proton-proton collisions at laboratory
energy about 12 GeV lies within 15% (10% for proton)
of the accelerator data and at an energy of about 200 GeV it
falls within 10% (2% for proton) of the experimental data
[9]. The UrQMD is slightly lower in multiplicity than the
FLUKA [4]. For hadron-nucleus interactions the predic-
tions of the model on production spectra of pions, kaons,
etc. have been tested with experimental data [23] but
adequate comparison of the model predictions on leading
particle distribution with observational data could not be
made due to a lack of quality experimental measurements.
The mountain altitude measurements of secondary cosmic
ray proton spectra, like the one by BESS, offer an indirect
opportunity in this regard. It seems that the overall per-
formance of the model in respect to atmospheric secondary
flux estimation at low energies may improve with an
appropriate choice of the free parameters of the model. It
is also important to confirm whether the discrepancies are
due to some additional nuclear effects, which are not
included in the UrQMD model.
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The FLUKA describes the BESS observation on the
secondary low energy cosmic ray proton spectrum reason-
ably well. Being based on theoretical microscopic models,
it has the advantage over the parametrized inclusive mod-
els, of preserving correlations. The model parameters are
fixed once (initially) for all projectile-target combinations
and energies. In recent times the model has shown its
strength in reproducing experimental data (on pion pro-
duction spectrum in proton-carbon interactions) recently
obtained by the HARP [41] and NA49 Collaborations [42].
The present comparison indicates the success of the model
in describing leading particle distribution.

(3) The simulated p spectrum with the FLUKA model
shows significant disagreement with the BESS observa-
tion. Fluxes obtained with FLUKA are found to be signifi-
cantly higher than the observed fluxes though the
difference between the simulated and the observed fluxes
decrease at higher energies. The antiproton flux generated
in this paper by using FLUKA is, however, found to be
lower than those obtained by the High Energy Physics
group of the University of Arizona [43] in an experiment
under similar observational conditions (i.e., at a compa-
rable atmospheric depth of about 747 gcm™2). Similar
discrepancies between the simulated flux and that obtained
from the BESS observations at low energies have also been
noticed in [39,44,45], while the simulations in [46,47] are
found to reproduce the BESS data satisfactorily. All such
calculations used empirical expressions of p production
and annihilation cross sections that are based on the pa-
rametrization of measured data. It was earlier reported that
the UrQMD 1.3 predictions on multiplicity of p in the
inelastic pp interactions overestimate the experimental
data [48] in the super proton synchrotron domain. Here,
the energy range is somewhat lower but the agreement of
the model prediction with observation is quite well.

For the given cosmic ray fluxes at the top of the atmo-
sphere, the p flux at mountain altitude mainly relies on two
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factors: the inclusive p production cross section in the
cosmic ray-air nuclei collisions and the propagation of p
inside the atmosphere. The latter factor includes ionization
energy loss, loss of p due to annihilation, and other inter-
actions. The noted discrepancy of FLUKA-derived results
with the observations thus could be either due to enhanced
production of p or due to the suppression of p annihilation
or even due to both of these effects. From a preliminary
analysis, we note that even at very high altitude, the p flux
due to FLUKA remains higher than that due to UrQMD or
GHEISHA, which primarily indicates that the antiproton
production is enhanced in FLUKA at low energies. The
basic p production reaction is the inclusive NN — pX
process with N standing for the nucleon and X for any
final hadronic state allowed in the process. The cross
section data for the proton induced inclusive p production
on nuclei and on the nucleons are not very accurate,
particularly at energies around and below 1 GeV because
of the lack of accelerator data over such an energy range.
Besides, no reliable estimate of the low energy p produc-
tion in cosmic ray- atmospheric nucleus collision can be
made presently due to the high sensitivity to nuclear me-
dium effects. The BESS results offer an indirect way to
examine the p production at low energies. However, in
view of the large discrepancies between the observational
results obtained by the BESS and the University of Arizona
group, more experimental results seem to be necessary to
arrive at definite conclusions regarding the correctness of a
p production mechanism in the FLUKA model.
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