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The successful simulation results obtained in the interpretation of the recent AMS mea-
surements of proton, leptons and light nuclei particle flux, are reviewed. A similar success
is being met in the analysis of secondary particle flux measured in the atmosphere (an-
tiprotons, muons) and in underground experiments (neutrinos).
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1. INTRODUCTION

Recent, experiments have reported new measurements of atmospheric secondary
particle flux over a broad range altitudes, depending on the particular species,
extending from satellite and balloon altitudes, down to ground and underground
experiments. This presentation reviews the results obtained recently in a simulation
work undertaken to account for the measured flux of secondary particles in terms
of dynamical interactions between Cosmic Rays (CR) and the atmosphere.

The primary purpose of the work was to understand the proton, e*, and light ion
flux measured recently by the AMS experiment 1'%, However, while this under-
taking was considered, it was also felt that it could contribute fruitfully to various
other experiments involving directly or undirectly CR-atmosphere interactions like
P, and lepton flux measurements in balloon experiments, and the underground neu-
trino experiments, as well as to the evaluation of the secondary particle populations
for the preparation of future satellite experiments like AMS2, PAMELA, etc...

The results presented in the following have been reported in scientific journals
56,7 or conference proceedings 391011 while some others are still preliminary and
will be reported in forthcoming publications 1314,

The first part of the talk will briefly describe the general features of the simula-
tion program. In the second part, the results obtained in the interpretation of the
AMS data on the p, e*, d and ®He, flux will be reviewed. The third part will be
devoted to the simulation of the secondary p and p flux in the atmosphere, and to

1
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the atmospheric neutrino flux in underground experiments.

2. The simulation program

The basic assumptions on the physics processes governing the production and the
propagation of the flux of secondary charged particles in the terrestrial environ-
ment, incorporated in the simulation program were the following: - The secondary
particles are produced by the interaction between the Cosmic Ray flux (CR) and
the atmosphere.

- For the present purpose, the main CR flux can be limited to a good approximation
to the Proton and Helium particles. These flux are described in accordance with
the recent AMS measurements !+24
modulation effects, made.

- The density of atmospheric nuclei can be described according to the currently
available model of atmosphere.

- All charged particles propagate in the earth magnetic field described by a multi-
pole development on the geomagnetic angular coordinates.

with appropriate corrections due to the solar

- For each secondary particle species, particles are generated according to the en-
ergy dependent differential cross section for inclusive production, parametrized as
described below.

- Secondary particle propagation and interactions are processed the same way as
for incoming CRs, leading to the development of atmospheric cascades involving
up to about 10 generations of successive collisions. All charged particles undergo
energy loss by ionization.

This approach therefore takes into account the particle productions in secondary
interactions at all stages inside the atmospheric cascade. This has quite significant
effects as it will be seen below.

(For technical and bibliographical details on the above, see 5:%).

2.1. Production cross section for secondary particles

With the incoming flux of proton and helium as a common feature to all calcula-
tions, the inclusive triple differential cross sections appropriate for each production
channel had to be evaluated separately in the event generator. The following produc-
tion cross sections were used for the calculations of the various secondary particle
flux calculated:

2.1.1. Protons

Protons produced from the CR + A — p + X reactions, with CR, A, and X
standing for CR particles, atmospheric nuclei (A weighted average value of the
mass), and recoil system, respectively ®>. The calculated cross section included two
components corresponding to quasi free (forward) and deep inelastic (backward)

scattering processes '8, respectively.
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2.1.2. Light nuclei

Light nuclei were assumed to originate from the CR + A — a + X with a =23 H,
34 He. Two models were considered and implemented to describe this production,
corresponding to different final state kinematics: The fragmentation model and the

coalescence model, both in their simplest versions 7.

2.1.3. Leptons

This is a main aspect of the work since several lepton flux have been measured,
in balloon, satellite, and underground experiments, which all originate from the
same reaction type, at least for the dominant mechanism. The flux calculations
for these species are then most tightly and thus sensitively constrained by the
data. The main mechanism of lepton generation considered was through the pion
production reaction chain CR+ A - 7+ X, 7 = u+v, p — e+ v + b, with
CR standing for Cosmic Ray (p,He), and A for nucleus. The kaon contribution is
typically one order of magnitude smaller; It was considered only for the neutrino
and muon flux calculations '*. These cross sections are governing the populations
of e, u*, v produced in the atmosphere, and it is one of the major successes of the
works presented here, to reproduce simultaneously the measured flux of e* at the
(satellite) altitude of AMS (see also ? for the e* flux in the atmosphere), of u* in
the atmosphere from ground level to TOA, and the Est-West neutrino asymmetry
measured by superK, to a fair accuracy with no adjustable parameter. The inclusive
pion differential cross section used in the calculations was based on a modified
version of the functional form proposed in '®, and fitted to a broad range of pion
data '7. Good fits to the data could be obtained through the covered momentum
range (~1.5-450 GeV/c). For the Kaon production, the form and parameters from
16 were used. For the electron flux, the (tertiary) pair production cross section
v+ A — ete” + A induced by Bremstrahlung photons and 7 decay photons, was
also calculated ©.

2.1.4. Antiprotons

For the antiprotons, a modified form based on the Ref '® parametrized functional
was used for the description of the inclusive production reaction CR+ A — p+ X.
It was fitted on a set of antiproton data '2 measured at incident energies between
about 12 and 24 GeV, for which good fits could be obtained. The work is being
extended to higher energies with good results up to 300 GeV in laboratory.

3. Interpretation of the AMS results
3.1. Protons

The first interpretation effort of the AMS data using the present approach, was
devoted to the strong component of protons (”second spectrum”) below the ge-
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Fig. 1. Top: Experimental upward and downward proton flux measured by AMS compared with
the simulation results. Bottom left: Simulated flux of trapped protons. Bottom right: AMS pitch
angle acceptance versus latitude, explaining the confinement of the trapped protons in the equator
region seen on the left. From Refs.[5,15]

omagnetic cutoff (GC) . The results are illustrated on fig 1. The data are very
well reproduced by the calculations for all latitudes, including the strong flux en-
hancement in the GeV region of the spectrum for equatorial latitude. The latter
appears to be due to trapped or semi-trapped (long lived) particles. Bottom left
Fig. 1 shows the scatter plot of the long lived population of the simulated sample,
which appears to be confined in the equatorial region. The explanation for this is
given on the right hand panel '® which shows the particle pitch angle (PA) at the
AMS location versus geomagnetic latitude plane. In this plane, trapped particles
are allowed only in the area above the horizontal line, i.e. for PA>=~1.2, where
mirror points of particle trajectories lie outside (above) the atmosphere. Below this
line, they are inside the atmosphere, and thus particles cannot be trapped. Particle
directions have also to be within the AMS acceptance shown by the broad grey
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stripe going from the upper left to the lower right across the figure. The area of
the plane allowed to trapped particles is thus limited to the upper left corner (large
pitch angles and low latitudes) limited by the mirror point condition and the limits
of the AMS acceptance. The upper limit in latitude (0.6 rad) is seen to be in
agreement with the latitude distribution of the simulated population of long lived
protons (left panel).

3.2. Electrons and positrons

The flux of e and e~ particles measured by AMS was surprising by several respects:
First, it displayed a similar strong second spectrum below GC as observed for
protons; Second, The et over e~ flux ratio evolved from about four around the
equator down to about one in the polar region 3. These results are quite well
reproduced by the calculations, as seen on fig 2. The analysis of the simulation
data showed that the strong charge asymmetry observed for equatorial latitudes is
due to a combined effect of the East-West (EW) dependence of the GC, with the
forward peaking of the lepton production reactions, and the absorption effect of the
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atmosphere 6.

3.3. Light ions

The AMS data surprisingly uncovered the existence of a small but sizeable subGC
component of He, whereas no *He flux could be detected (above some upper
limits set by the experimental conditons), while the latter is dominating the former
in the CR flux by a sound order of magnitude %. This apparent paradox found
a natural explanation in the framework of the nuclear coalescence model which
allowed to account quantitatively for all these features with a good accuracy 7.
This is illustrated on fig 3 left, where the experimental energy spectrum and latitude
distribution of ®He particles are seen to be well reproduced by the calculations. This
deuterium flux below GC is also very well reproduced by calculations using the
same model (fig 3 right). This consistent agreement between data and calculations
(no adjustable parameter in the calculations), for two populations of light nuclei
provides a strong support to the validity of the theoretical basis of the approach.
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Fig. 3. Left top: Experimental (full circles) and simulated (histograms) ®He flux distributions
below GC, versus energy (integrated over latitude). Left bottom: Same as above versus latitude
(integrated over energy). Right: Deuterium (2H) flux measured by AMS (full circles) and subGC
component calculated by simulation (histogram), simultaneously with the *He flux. The lower
histograms give the calculated tritium (3H) flux. In all panels dashed histograms show the CR
He induced contributions. From Ref.[7]
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4. Secondary atmospheric particle flux

The successful interpretation of the AMS data opened new prospects for calculating
the flux of secondary atmospheric particles like antiprotons, muons, and neutrinos
relevant to several ongoing experimental programs, and to future new experiments.

4.1. Antiprotons

The BESS ' and CAPRICE 2! experiments are studying the antiproton CR flux
in high altitude balloon experiments. In these experiments, the raw data have to be
corrected for the atmospheric p production to obtain the galactic flux. Fig. 4 shows
the CR p flux obtained by BESS, together with the applied corrections (curve),
and those calculated in the present work (histogram). The flux expected from the
simulation results apppears to be significantly larger than the values obtained from
the transport equation approach. This is observed for both the BESS (left) and
CAPRICE (middle) data. Fig 4 right shows the preliminary results of measurements
at terrestrial altitude (2770 m) from BESS 2° compared to the preliminary simula-
tion results at this altitude '3. The agreement is excellent and consistent with the
previously quoted results, showing that the particle production in the atmosphere
seems to be fairly well understood and the underlying dynamics and kinematics
appropriately treated. It must be pointed out however that the calculated proton
flux at this altitude significantly overestimate the data from the same experiment,
a point of disagreement currently under examination. At sea level, the antiproton
flux in the GeV range is calculated to be of the order of 2 [m?/sr/GeV/c/mn]~!.
A small flux, but large enough to allow the testing of the p identification capability
of space detectors on the ground !1:!3.

The antineutron flux at terrestrial altitudes is being calculated in the same

10 T BFlux at Detection Allitude 2770 m
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Fig. 4. Experimental p flux (symbols) measured in the atmosphere. Left: Low energy BESS mea-
surements at high altitude; Middle: high energy CAPRICE data; Right: 2770 m BESS measure-
ments (preliminary [20]). The data are compared to (preliminary) simulation results (histograms).
The curves show the calculated corrections (atmospheric flux) to the raw flux in the original works.



February 21, 2002 17:24 WSPC/Guidelines-IJMPA trentojm

8 M. Buénerd

conditions in the perspective of an experimental project 22.

4.2. Muons

The muon flux measurements together with the et measurements constitute the
most constraining body of data currently available for a stringent test of any the-
oretical or phenomenological approach of the atmospheric production of leptons.
This is of major importance regarding the atmospheric neutrino issue which inter-
25 and of which some results are
still awaiting for a quantitative interpretation (see below) 4. The subject has been
addressed in several previous works using various theoretical approaches (see '* for
the context).

Fig 5 shows a set of u~ spectra measured recently by the CAPRICE 2? and
HEAT 2* experiments for altitudes ranging from ground level up to 38 km, com-
pared with the simulations results '*. The right panel shows the ratio of calculated
to measured values. The agreement between calculation and data is very good
through the range of altitudes, but for the 38 km spectrum for which the calcula-
tions significantly underestimate the experimental flux for low energy muons below
about 1 GeV. This defect seems to be related to the low energy pion yield of the
event generator. It has turned out that the currently existing pion data are not

pretation relies to some extent on calculations
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Fig. 5. Left: Experimental (full circles) and g~ flux measured by the BESS and CAPRICE
experiments compared with simulated values (histograms, preliminary results). Right: Ratio of
the experimental to simulated values.
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enough constraining for the relevant cross section parameters to be fixed, and the
low energy 7 yield cannot be calculated with a good enough accuracy for the pu
yield to be reproduced accurately. However, this inaccuracy has a limited influence
on the calculated neutrino flux 4.

4.3. Atmospheric neutrinos

After the e* and p® have been calculated and shown to reproduce the measured
data with a good enough accuracy, the last stage of the approach is the calcula-
tion of the neutrino flux. The calculations have been performed to span the range
of geomagnetic coordinates, and the four neutrino energy spectra as well as the
zenith and azimuth distributions have been calculated as a function of the lat-
itude and longitude coordinates '*.In addition, the flux have been calculated at
the locations of the existing underground experiments. They have been used to
calculate the East-West asymmetries Agyw for the e-like and u-like events in the
same conditions as reported by the SuperK experiment 2%, i.e. same cuts on the
energy range, and compared to the experimental values. In addition, in the calcu-
lations, the e and p production angles have been approximately taken into account
by using a functional form adjusted on the values reported in 26. The preliminary
results for the mean values of Agw calculated in the above conditions for the two
class of events are in quite good agreement with the superK measurements. The
experiment reported: A5+ (exp)=0.21£0.04 and A%d;ike(ewp)ZO.OESiO.Oél, to be
compared to the values obtained in the simulation: A% 1% (sim)=0.27+0.1 and
AR (5im)=0.09240.05 1014,

5. Summary and outlook

In summary, it has been shown that the simulation model described in this pre-
sentation allows to successfully account for the charged particle flux measured by
AMSO01 below the geomagnetic cutoff at satellite altitudes, and for the hadron (p,
p) and lepton (e*, p*) flux measured in the atmosphere down to ground level,
as well as in the underground superK neutrino experiment. Final calculations are
currently being processed for atmospheric antiprotons and leptons.

Finally, the numerical tool developed for these analysis should also provide a
powerful mean of estimating the atmospheric flux of secondary particles for future
satellite experiments like AMS02, PAMELA, GLAST, etc..., as well as for balloon
and underground (like SOUDAN) experiments. It is also clearly applicable to the
investigation of other dynamical ranges of CR-atmosphere interactions, such as the
mechanism and the dynamics of population of the radiation belts in a much lower
energy domain, and likely to other similar topics of geophysical interest.
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