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Simulation of atmospheric muon and neutrino fluxes with CORSIKA
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The flux of atmospheric muons and neutrinos is calculated by a three dimensional Monte Carlo simulation
with the air shower codeCORSIKA using the hadronic interaction modelsDPMJET, VENUS, GHEISHA, andUrQMD.
For the simulation of low energy primary particles the originalCORSIKA has been extended by a parametriza-
tion of the solar modulation and a microscopic calculation of the directional dependence of the geomagnetic
cutoff functions. An accurate description for the geography of the Earth has been included by a digital
elevation model, tables for the local magnetic field in the atmosphere, and various atmospheric models for
different geographic latitudes and annual seasons.CORSIKA is used to calculate atmospheric muon fluxes for
different locations and the neutrino fluxes for Kamioka. The results ofCORSIKA for the muon fluxes are verified
by an extensive comparison with recent measurements. The neutrino fluxes obtained are compared with results
of other calculations, and the influence of the hadronic interaction model, the geomagnetic cutoff, and the local
magnetic field on the neutrino fluxes is investigated.
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I. INTRODUCTION

Atmospheric neutrinos are produced by the interaction
primary cosmic radiation with the Earth’s atmosphere. Th
result mainly from the decay of charged pions and muon

p1→m11nm

\e11ne1nm, ~1!

p2→m21nm

\e21ne1nm ,

and up to about 10% from similar reaction chains for kao
A simple balancing of the different neutrino species involv
results in the following approximate relations between
number of neutrinos:

ne

n ē
5

m1

m2
,

nm

nm̄
51, and

nm1nm̄

ne1n ē
52. ~2!

A more detailed calculation leads to an energy dependenc
all the ratios. In particular, the ratio of muon neutrinos
electron neutrinos strongly depends on the energy, bec
the number of muons reaching sea level before decaying
creases with the energy.

A precise simulation of atmospheric neutrino fluxes is
essential interest for interpretation of the so-called atm
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spheric neutrino anomaly, i.e., the observation with seve
neutrino detectors@1–6# that the ratio of muon neutrinos t
electron neutrinos in the atmosphere differs approxima
by a factor of 2 from the theoretical predictions. The flux
electron neutrinos seems to agree relatively well with
expectation, and the anomaly results mainly from a lack
muon neutrinos.

In addition, the anomaly displays a pronounced dep
dence on the angle of incidence. The highest deficit is m
sured for neutrinos entering the detector in an upward dir
tion because they travel through the Earth, while
downward going neutrinos agreement with the theory
found. This directional dependence of the anomaly is co
monly interpreted in terms of neutrino oscillations.

Because of the enormous size of the detector, the res
obtained by the Super-Kamiokande experiment near
mioka, Japan are statistically most significant and allow
most detailed exploration of the anomaly. Sup
Kamiokande is the only detector so far to establish a p
nounced east-west effect in the neutrino flux, originati
from the influence of the Earth’s magnetic field on the t
jectories of the charged primary and secondary cosmic
particles@7#.

The flux of atmospheric neutrinos has been calcula
with various theoretical approaches invoking different ha
ronic interaction models. Detailed calculations have be
done by Barr, Gaisser, and Stanev~BGS! @8–10#; Bugaev
and Naumov~BN! @11#; Honda, Kasahara, Hidaka, and M
dorikawa~HKHM ! @12,13#; Lee, Bludman, and Koh~LBK !
@14,15#; Tserkovnyak, Komar, Nally, and Waltham~TKNW!
@16,17#; Battistoni, Ferrari, Lipari, Montaruli, Sala, and Ran
cati ~BFLMSR! @18–20#; Honda, Kajita, Kasahara, and Mi
dorikawa~HKKM ! @21,22#; and Plyaskin~Ply! @23#. A recent
review of the calculations of atmospheric neutrinos can
found in Ref.@24#.
©2003 The American Physical Society20-1
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TABLE I. Features of the different models applied in the calculation of atmospheric neutrino fluxes. The following abbreviations a
in the table: IGRF stands for the International Geomagnetic Reference Field@40#, WMM for the World Magnetic Field Model@41,42#, and
USSA for the U.S. Standard Atmosphere@43#. The terms used in the table are explained in Sec. II.

BGS BN HKHM LBK TKNW BFLMSR HKKM Ply

Hadronic interaction TARGET Semianalytical FRITIOF/ TARGET GEANT FLUKA FRITIOF/NUCRIN GEANT

model NUCRIN DPMJET III
~parametrized!

Dimensions 1 1 1 3 3 3 3 3
Directional dependence Dipole Dipolelike IGRF Dipole IGRF IGRF Dipole WMM
of geomagnetic cutoff
Penumbra of cutoff No No No No Yes Yes No Yes
Local magnetic field No No No No Yes No Yes Yes
Energy loss by ionization Yes Yes Yes Yes Yes Yes Yes Yes
Multiple scattering of muons No No No No Yes Yes Yes Yes
Atmospheric model USSA Dorman model USSA ? USSA USSA USSA USS
Elevation model of the Earth No No No No No No No No
rlo
en
b
pa
a
h

o

m
s
m

am
ns
a

ra

er

n

e
ns
n
th

on

-
th
ee
he
n

ic

-

ary
cal-
del
d in
ter-

at-
km

ns
de-

n
re-

ode
h
, the
ical
he
he
la-

he
o-

ea-

rge
ec-

nd
The calculation of BGS is a one dimensional Monte Ca
simulation made in two steps. First, cascades for differ
primary energies and zenith angles are simulated, and su
quently, the energy dependent yields of the secondary
ticles are weighted by the primary spectrum and the geom
netic cutoff characteristics for the detector location. T
hadronic interactions are described withTARGET @25#, a pa-
rametrization of accelerator data with special emphasis
energies around 20 GeV.

The BN calculation is based on a one dimensional se
classical integration of the atmospheric cascade equation
a straightforward approximation over the primary spectru
The hadronic interaction is described by an analytical par
etrization of double differential inclusive cross sectio
based on a compilation of accelerator data. This appro
neglects many details of the nature of the hadronic inte
tion.

The HKHM calculation is made by using the air show
simulation codeCOSMOS @26# in a one dimensional Monte
Carlo simulation. For energies above 5 GeV the hadro
interaction is described in the frame ofFRITIOF version 1.6
@27# with JETSET6.3 @28#. At lower energiesNUCRIN is used
@29#.

The model applied in the LBK calculations is the mod
of BGS, but extending the calculation to three dimensio
The same primary spectrum was also used. The calculatio
intended to study the influence on the neutrino fluxes of
transverse momenta in the different reactions.

The three dimensional calculation of TKNW is based
the GEANT 3.21 detector simulation tool@30# and its various
models for the hadronic interaction,CALOR @31–33#,
FLUKA92 @34,35#, andGHEISHA @36#.

Both the LBK and the TKNW calculations failed to dis
cover a major enhancement of the neutrino flux near
horizon, which was predicted for the first time in the thr
dimensional simulation of BFLMSR. In the meantime, t
TKNW group revised its model, and now also finds an e
hancement at the horizon@17#.

In the calculations of BFLMSR theFLUKA98 and
FLUKA2000 codes@37,38# are used as models for the hadron
07302
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interaction. These versions ofFLUKA are quite different from
the FLUKA92 version integrated in theGEANT package and
used in the TKNW calculation.

HKKM extended the calculation of HKHM to three di
mensions. Additionally, the interaction models ofCOSMOS

can be replaced now by a parametrized version ofDPMJETIII
@39#, meaning that, instead of interfacingDPMJETto COSMOS,
DPMJET is run at fixed energies and the yields of second
particles are parametrized. This very much enhances the
culation speed, but subtle details of the interaction mo
might be lost in this approach. The published results use
this paper for comparisons are based on the hadronic in
action models of the originalCOSMOS.

The calculation of Plyaskin is based also on theGEANT

detector simulation package, but only theGHEISHA model is
used for the simulation of the hadronic interaction. The
mosphere is sampled in layers of constant density of 1
thickness.

The major differences of the various neutrino calculatio
in handling certain physical effects and the geographical
tails of the Earth are compiled in Table I.

In this communication a full three dimensional simulatio
procedure for atmospheric muon and neutrino fluxes is p
sented using the standard air shower simulation c
CORSIKA @44#. In contrast to the previous calculations, whic
assumed the Earth, for instance, as mathematical sphere
attempt includes a complete description of the geograph
parameters of the Earth. For this purpose t
CROSIKA 6.0code is extended by a precise calculation of t
geomagnetic cutoff, a parametrization of the solar modu
tion, a digital elevation model of the Earth, tables for t
local magnetic field in the atmosphere, and various atm
spheric models for different climatic zones and annual s
sons.

As evident from Eqs.~1! and ~2! the correlation between
neutrinos and muons is very direct; in particular, the cha
ratio of muons reflects the ratio of electron neutrinos to el
tron antineutrinos. Thus, the calculated results ofCORSIKA

can be verified by a simulation of atmospheric muons a
their comparison with recent measurements.
0-2
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The procedure of simulation is demonstrated by a deta
calculation of atmospheric neutrino fluxes in Kamioka. U
ing the versatility of theCORSIKA program to cooperate with
different models for simulation of the hadronic interactio
special emphasis is put on the question of how various
mulations of the hadronic interaction influence the flux
atmospheric neutrinos. It will be shown that uncertainties
the description of the hadronic interaction are the main e
source for the calculation of the atmospheric neutrino flu

Furthermore, the effects of the geomagnetic cutoff mo
lating the primary flux and of the local magnetic field, whic
deflects the charged shower particles on their way thro
the atmosphere, are studied in detail. Repeating the calc
tions, setting first the geomagnetic cutoff and then the lo
magnetic field to zero, allows us to disentangle the individ
influences.

It will be proved, that the local magnetic field is far from
negligible and leads to an increase of the ratio of elect
neutrinos to electron antineutrinos. Furthermore, it mo
lates the azimuthal dependence of the neutrino fluxes
causes an east-west effect, clearly visible for sites with a
geomagnetic cutoff.

II. THE SIMULATION TOOL CORSIKA AND ITS
EXTENSIONS FOR THE SIMULATION OF LOW ENERGY

ATMOSPHERIC PARTICLES

A. The air shower simulation program CORSIKA

The simulation toolCORSIKA was originally designed for
the four dimensional simulation of extensive air show
with primary energies around 1015 eV. The particle transpor
includes the particle ranges defined by the lifetime of
particle and its cross section with air. The density profile
the atmosphere is handled as continuous function, and th
not sampled in layers of constant density.

Ionization losses, multiple scattering, and the deflection
the local magnetic field are considered. The decay of p
ticles is simulated in exact kinematics, and the muon po
ization is taken into account.

In contrast to other air shower simulations tools,CORSIKA

offers alternatively six different models for the description
the high energy hadronic interaction and three different m
els for the description of the low energy hadronic interacti
The threshold between the high and low energy models is
by default toElab580 GeV/n.

Because of the steep spectrum of primary cosmic ra
only some 10% of the neutrinos detected in the Sup
Kamiokande experiment originate from primary particl
with energies higher than 80 GeV/n, and the quality of the
simulated neutrino fluxes mainly depends on the fidelity
the models describing the low energy hadronic interactio

Nevertheless, the extent to which different high ene
interaction models are able to reproduce experimental m
data was investigated in a previous paper@45#. It was shown
that DPMJET II.5 @46–48# and VENUS 4.125 @49# agree best
with the muon data, whileQGSJET@50# andSIBYLL 1.6 @51,52#
do not reproduce well the charge ratio of muons abo
80 GeV/n. Thus, in this paper onlyDPMJET and VENUS are
used for simulation of the high energy hadronic interactio
07302
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For simulation of the low energy hadronic interactio
GHEISHA @36# and UrQMD 1.1 @53,54# are applied. Addition-
ally, DPMJET includes some extensions which also allow t
simulation of the hadronic interaction down to energies o
GeV. In this case,UrQMD is used for the simulation of had
ronic interactions with energies below 1 GeV. The total nu
ber of muons and neutrinos resulting from hadronic inter
tions below 1 GeV is very small; thusUrQMD plays more the
role of a technical fallback, to prevent the program fro
crashing. No real influence ofUrQMD is noticeable in the
physical results in this case.

Low energy reactions are handled very similarly
DPMJET II.5 and DPMJET III, so that the results obtained wit
both versions in the energy range relevant for the atm
spheric neutrino anomaly should be fully comparable.

Fluxes calculated byCORSIKA have statistical errors
caused by the limited number of particles calculated in
Monte Carlo simulation, and various systematic errors. It c
be assumed that the main sources of systematic errors r
from the primary spectrum and the hadronic interaction m
els. Errors due to particle tracking or particle decay c
hardly be quantified but they should be negligible compa
to the other error sources. All errors given in the furth
results are purely statistical.

B. The fluxes of primary cosmic particles

A major uncertainty in the early calculations of atm
spheric particle fluxes stems from the absolute primary p
ticle fluxes. These are measured by satellite or balloon bo
experiments, operating above or at the limit of the Eart
atmosphere. In Fig. 1 the results of recent experiments
compiled. The balloon experiment MASS@55# was operated
in Fort Sumner, New Mexico, where the vertical geoma
netic cutoff rigidity is 4.2 GV, explaining the missing flu
below the cutoff. The balloon experiments BESS@56#,
CAPRICE @57#, and IMAX @58# were launched in Lynn
Lake, Canada, near the geomagnetic pole, with a very

FIG. 1. The fluxes of primary protons~a! and helium nuclei~b!
as measured by recent balloon and satellite borne experiment
order to enhance the differences in the region of interest, the flu
are multiplied byE2.5.
0-3
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cutoff rigidity of about 0.5 GV. The space shuttle mission
the AMS prototype@59,60# collected data over a large rang
of cutoff rigidities ranging from the maximum rigidity at th
geomagnetic equator down to vertical cutoff rigidities le
than 0.2 GV, corresponding to proton momenta well bel
the pion production threshold.

At low energies, especially below 10 GeV, solar modu
tion becomes important and introduces a further, time dep
dent source of differences between the data. But the exp
ments differ also at higher energies. The results of AMS a
BESS agree perfectly within experimental errors while
other experiments report fluxes that are mostly about 15
% lower. The differences between the experiments are
constant in energy and cannot therefore be explained b
simple offset in the energy calibration. For instance,
MASS and IMAX results agree at higher energies with t
AMS data while the CAPRICE results match at lower en
gies.

The AMS and BESS detectors were calibrated at accel
tor beams of protons~BESS, AMS! and He and C nucle
~AMS!. This ensures that the performance of the detec
and the analyzing procedure were thoroughly understo
giving good evidence that the higher primary proton flux
reported by AMS and BESS are the better ones.

The results for primary helium nuclei show similar diffe
ences between the experiments. Again, AMS and BESS
port higher fluxes than the other experiments, but the res
of AMS and BESS do not agree completely. The cross c
bration with light ions in the case of AMS is a strong arg
ment for the correctness of the AMS data.

Unlike the primary flux parametrization proposed recen
by Gaisseret al. @61#, where the helium flux is obtained by
combined fit of the AMS and BESS results, the calculatio
in this paper are based on the AMS results only. The prim
particle generator inCORSIKA uses power laws extracte
from the higher energy data of AMS, including the so
modulation and the geomagnetic cutoff as described in
next sections.

The bulk of primary particles producing neutrinos wi
energies detected at Super-Kamiokande is covered by
momentum acceptance of AMS. In order to avoid any art
cial cut for higher energies, the power laws were just
trapolated up to the knee region. As our knowledge of
cosmic radiation at higher energies is rather poor, this
sumption is still in fair agreement with the measurement

C. The description of the solar modulation

The sun emits a magnetized plasma with a velocity
100–200 km/s@62#. To reach the Earth, galactic cosmic ra
have to diffuse into the inner heliosphere against the outw
flow of the turbulent solar wind, a process know as so
modulation. Depending on the solar activity the lowest e
ergy cosmic particles reach the Earth with a variable flux

For most places on Earth the geomagnetic cutoff alters
primary particle fluxes more than the influence of the so
modulation. Therefore the geomagnetic cutoff must be sim
lated in a detailed microscopic calculation as described
Sec. II D, while the solar modulation can be handled by
07302
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parametrization of Gleeson and Axford@63#. This parametri-
zation is based on a spherically symmetrical model in wh
the differential intensityJ(r ,E,t) for the total energyE at a
distancer from the sun for the timet is given by

J~r ,E,t !5
E22E0

2

@E1c~ t !#22E0
2

J@`,E1c~ t !#, ~3!

with E0 being the rest mass andc(t) a free, time dependen
parameter which can be interpreted as the energy loss
primary particle during its approach to the Earth.

In principle,c(t) can be deduced within theoretical mo
els from the solar activity. Nevertheless, for calculation
the neutrino flux in Kamioka,c(t) can be assumed to b
constant in time. The flight of AMS took place roughly in th
middle of the data taking period of Super-Kamiokande; th
the values ofc for primary protons and helium nuclei ar
obtained directly by a fit of the function in Eq.~3! to the low
energy part of the spectra measured by the AMS experim
The resulting absolute primary particle spectra without c
sidering the geomagnetic cutoff used for the primary parti
generator ofCORSIKA are shown in Fig. 2. The overall agree
ment is quite good, but a systematical deviation around
GeV/n indicates that the parametrization used is not the b
possible. Nevertheless, the deviation remains mostly wit
the experimental errors and the highest discrepancy fo
single point is found to be 6%. The additional error caus
by this in the atmospheric particle flux is quite small.

D. The simulation of the geomagnetic cutoff

The Earth’s magnetic field has nearly the shape of a
pole field. The field is strong enough to deflect charged p
mary particles on their way to the Earth’s surface. While n
the geomagnetic poles particles with very low momenta
penetrate to the Earth’s surface, protons with energies u

FIG. 2. The fluxes of primary protons and helium nuclei
obtained by the primary particle generator ofCORSIKA, including
the solar modulation but no geomagnetic cutoff, compared with
results of AMS. In order to enhance the differences in the region
interest, the fluxes are multiplied byE2.
0-4
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60 GeV impinging horizontally near the geomagnetic eq
tor are reflected back to space.

The calculation of the geomagnetic cutoff is done in
Monte Carlo simulation of the possible particle trajector
in the so-called back-tracking method. Instead of track
primary protons from outer space to the Earth’s surface,
tiprotons from the surface are retraced to outer space.
method has the advantage that it allows a straightforw
calculation of a table of allowed and forbidden trajectori
The entries in the table depend on the location on Earth,
arrival direction, and the particle momentum.

In detail, the particle tracking starts at 112.83 km, the
of the atmosphere as defined inCORSIKA. The influence of
the local magnetic field in the atmosphere, including the
flection of charged shower particles, is handled later on
CORSIKA using the approximation of a homogeneous field

The particle tracking is based onGEANT 3.21 @30# and the
magnetic field is described by the International Geomagn
Reference Field@40# for the year 2000. For the downwar
going particle fluxes the location where the primary parti
enters the atmosphere is confined to the vicinity of the
periment and the arrival direction is sampled in cells o
solid angle of 250msr. For upward going neutrinos the ge
magnetic cutoff is calculated for 1655 locations, distribut
nearly equidistantly over the Earth’s surface, and the angl
incidence for each location is sampled in cells of 48 msr

Instead of calculating a sharp cutoff, functions in mome
tum steps of 0.2 GeV/c up to a maximum momentum o
64 GeV/c are evaluated. This procedure accounts for
penumbra region of the cutoff, i.e., the chaotic change fr
open and closed trajectories that can be observed in irreg
magnetic fields, as in the case of the geomagnetic field.

As an example of the results obtained for a fixed detec
location, the mean geomagnetic cutoff for particles enter
the atmosphere at Kamioka is shown in Fig. 3. Local irre
larities of the magnetic field over Japan cause a remark
strong deviation from the regular shape expected for a m
netic dipole field. Assuming highly accurate Monte Ca
simulations and highly accurate measurements, this fea
should be reflected in the zenithal and azimuthal depende
of the particle intensities at Kamioka.

Kamioka has a very extended penumbra region which
ceeds a width of 4 GV in some particular directions. Deta
about the simulation of the geomagnetic cutoff and plots
other locations on the Earth may be found in Ref.@64#.

A check of the primary particle generator inCORSIKA with
its assumptions for the solar modulation and the geomagn
cutoff can be made using the recent results of the AMS p
totype mission@65#. Because of the inclination of 51.7 ° o
the shuttle orbit, the spacecraft passes geomagnetic latit
from 0 to more than 1 rad.

The experimental spectra of downward going protons
helium nuclei can be compared rather directly with the
sults of the primary particle generator. Only a correction
the altitude dependence of the geomagnetic cutoff has t
applied. The cutoff generally has its highest value at the
face of the Earth, decreases with increasing altitude, and
ishes when leaving the Earth’s magnetosphere. The m
difference in the cutoff between the top of the atmosphere
07302
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assumed inCORSIKA and the orbit of the space shuttle
evaluated by a dedicatedGEANT simulation and has a valu
of about 10%.

The spectra of primary protons for different regions of t
geomagnetic latitude together with the spectra produced
the primary particle generator ofCORSIKA are shown in Fig.
4. The agreement between experiment and simulation is v
good, and the systematic decrease of the geomagnetic c
with increasing geomagnetic latitude is reproduced nice
Only the spectrum for geomagnetic latitudes 0.9,umag,1
shows a noticeable difference; this must be attributed to
low absolute value of the cutoff, which becomes compara
to the momentum steps used in the simulation of the cu
functions. This disagreement has no significance for the
culation of atmospheric muon or neutrino fluxes, because
primary energies are already near or below the pion prod
tion threshold. The results obtained for primary helium n
clei have a similar quality.

FIG. 3. The mean geomagnetic cutoff and the width of the p
umbra region for Kamioka, Japan. The width of the penumbra
gion is defined by the rigidity difference between the lowest m
mentum of an antiproton escaping to outer space and the hig
momentum of an antiproton being trapped. The measurement o
azimuth anglef, here and in all further plots, follows the conven
tion used by the Super-Kamiokande detector:f50 ° means look-
ing to the south~the particle travels to the north!, f590 ° to the
east~the particle travels to the west!, etc. The north direction here i
defined as the geographical one. The angle between the geo
netic and geographic north directions in Kamioka is27.59°.
0-5
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Particles stored for longer times in the geomagnetic fie
the so-called albedo or subthreshold particles, are not c
sidered in the present calculations. It was demonstrate
Ref. @66# that they contribute to the atmospheric particle fl
only negligibly.

E. The geography of the Earth in CORSIKA

The geography of the Earth plays a certain role in
simulation of atmospheric particle fluxes, because the ap
ent thickness of the atmosphere is altered by the diffe
elevation of the terrain above sea level and the effects
various climatic conditions on the density structure of t
atmosphere. Also the local geomagnetic field, bend

FIG. 4. Comparison of the AMS results for downward goi
primary protons for different intervals of the geomagnetic latitu
with spectra produced by the primary particle generator ofCORSIKA,
including the simulation of the geomagnetic cutoff and the para
etrization for the solar modulation.
07302
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charged secondary particles in the atmosphere, has qu
different strength for locations near the geomagnetic po
and the equatorial regions. For the geomagnetic poles
absolute field is found to be 64.6mT, while the strength at
the geomagnetic equator is only 21.7mT.

Because the place where the primary particle enters
atmosphere and the place of detection in the simulation
vertical downward going neutrinos are close together,
geographic data are assumed to be constant in the c
sponding calculations. For simulation of inclined particle
the distance between the locations may already reach 1
km, and in the case of upward going neutrinos the origin
the primary cosmic particles is distributed over the ent
Earth. Therefore, the local geomagnetic field is tabulated
the basis of the International Geomagnetic Reference F
@40# in a table containing the field parameters for 64 8
locations distributed over the Earth’s surface. The elevat
above sea level is described in a table of equivalent res
tion of data published by the U.S. National Geophysical D
Center@67#.

The atmospheric profiles observed in tropical and po
regions show considerable differences. The nontropical
mospheres are subject to additional variations with the
nual seasons. The extendedCORSIKA code accounts for thes
effects by seven atmospheric models@68#. The correspond-
ing density distributions are plotted in Fig. 5. As expecte
the largest differences appear between the polar winter

-

FIG. 5. The density distribution for atmospheric conditions
different climatic zones and seasons, plotted as the mass overla
a given altitude. In order to enhance the differences, the mass o
lay for the altitudeh is multiplied by exp@h/(8 km)#. The differ-
ences for altitudes between 20 and 80 km are most importan
atmospheric particle fluxes, while the differences over 80 km
artificially introduced by constraining all models to have zero de
sity at 112.83 km~the starting altitude ofCORSIKA!. For air shower
development this is negligible, because the mass overlay at 80
amounts to less than 1022 g/cm2.
0-6
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summer. The seasonal variations become less important
vanish as the climatic zone approaches the equator.

F. The settings and the way of simulation inCORSIKA

The simulations discussed in this paper were made u
the CORSIKA program in version 6.000. All bugs found i
CORSIKA up to version 6.014 have also been corrected in
extended version.

The simulation of atmospheric particle fluxes wi
CORSIKA starts by selecting the type of primary particle a
the ranges for the primary energy and zenith and azim
angles, and by fixing the geographical location on Earth. T
primary energies vary for all simulations reported in this p
per between the minimum geomagnetic cutoff and 1015 eV.

The standardCORSIKA version makes use of a planar a
mospheric model. This is a good approximation as long
the zenith angleu of the particles does not exceed 70°. T
planar atmosphere approximation is used in this paper for
calculation of vertical muon fluxes, because the experime
are usually limited to muons having zenith angles less t
30 °.

For simulation of the east-west effect of atmosphe
muons and for all simulations of atmospheric neutrinos,
zenith angles must be varied over the complete range. T
simulations were made with the so-called ‘‘curved’’ versi
of CORSIKA. Here the curvature of the Earth’s atmosphere
approximated by sliding and tilting planar atmospheres. E
time the horizontal displacement of a particle exceeds a l
of 6–20 km~depending on the altitude!, a transition to a new
local planar atmosphere is performed@69#.

The different primary particles, i.e., protons and heliu
nuclei, are simulated in separate runs and the ratio betw
them follows the absolute fluxes reported by the AMS p
totype mission. In order to account for heavier primary p
ticles the equivalent number of primary helium nuclei
used. The absolute fluxes of heavier nuclei are taken f
the compilation of Wiebel-Soothet al. @70#. A justification of
this simplification is provided by the fact that all heavi
particles together contribute less than 5% to the neut
flux, and all nuclei have a similar ratio of protons to ne
trons.

The air shower calculation starts by getting a random
cation on the Earth, a random energy, and a random ar
direction. If the particle does not exceed the geomagn
cutoff for the given location or the solar modulation, a ne
set of geographic coordinates, energy and arrival angle
used. If the particle satisfies the requirements, the geom
netic parameters, the altitude, and the atmosphere are
according to the geographical position. Because of the l
measuring time of Super-Kamiokande, atmospheric mod
for summer and winter are used in equal parts.

The primary particle is tracked to the first interactio
point, given by the cross section of the particle with air. T
nuclear reaction is handled by the selected hadronic inte
tion model and all secondary particles are tracked up to t
decay or further interaction.

The numbers of atmospheric particles obtained have to
normalized to the fluxes of primary particles. For the sake
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simplicity, the number of primary particles with energ
larger than 1000 GeV in the simulation, which are free
any influence of the geomagnetic cutoff and the solar mo
lation, is set equal to the integral flux above 1000 GeV
extrapolated in Sec. II B. In cases with a limited statistic
accuracy the calibration is made at 100 GeV. The fluxes
this energy are already influenced by the solar modulation
some 4.5%, which has to be taken into account.

Because of the flat or partially flat geometry applied
CORSIKA, the neutrino fluxes obtained have to be scaled
the surface difference of two shells having the radius of
Earth and the radius of the Earth plus 112.83 km. This c
rection leads to a factor of 1.036.

III. CALCULATION OF ATMOSPHERIC MUON FLUXES

A. The differential muon flux

The calculation of the atmospheric muon flux controls t
calculation of the atmospheric neutrino flux. The charge ra
of muons provides additional and partly complementary
formation.

Atmospheric muons have been measured over severa
cades. The data are compiled in two recent papers@71,72#
and in the new review@73#, showing relatively large discrep
ancies between the experiments. The comparisons of
communication are focused on the recent measuremen
BESS, CAPRICE, the OKAYAMA cosmic ray telescope, an
WILLI. In the case of BESS@74,75# and CAPRICE@76#, the
results for atmospheric muons were obtained in grou
based runs, performed as tests of the detectors.
OKAYAMA telescope @77# is a classical magnetic spectro
meter and WILLI @71,78# represents a compact scintillato
experiment dedicated to the precise measurement of
muon charge ratio. The charge ratio is deduced hereby f
the different lifetimes of positive and negative muons in m
ter.

For simulation of the atmospheric muon flux the prec
geographical parameters, like the geomagnetic cutoff and
altitude of the different detector sites, are taken into acco
The parameters used are compiled in Table II. Because o
geographic closeness of Okayama and Tsukuba and the
altitude of both sites, the results of the OKAYAMA telescop
can be compared directly with the measurements and ca
lations done for Tsukuba.

TABLE II. The geographical parameters for the different dete
tor sites. The quantityh is the elevation above sea level,Rc the
mean vertical geomagnetic cutoff,Bx the horizontal component o
the magnetic field,Bz the vertical downward component, andBa

the angle between the magnetic and geographic north directi
The parameters of the magnetic field are valid for the year 2000
an altitude of 56.4 km.

Site h(m) Rc(GV) Bx(mT) Bz(mT) Ba (deg)

Bucharest 85 5.6 21.98 40.96 3.64
Fort Sumner 1270 4.2 22.89 44.33 9.44
Lynn Lake 360 0.5 9.81 57.51 9.36
Okayama 5.3 11.8 30.48 34.31 -6.64
Tsukuba 30 11.5 29.08 34.82 -6.95
0-7
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The results for the differential flux of vertical muons a
compiled in Fig. 6. The calculation withDPMJET as well as
the calculations withVENUS1UrQMD generally agree wel
with the experimental data. Only theGHEISHA results show a
strange enhancement of the differential muon flux for l
energies and a quite different momentum dependence.

B. The charge ratio of muons

In contrast to the differential muon flux, the charge ra
of muons reveals larger discrepancies. TheCORSIKA results
for the charge ratio of muons are compared in Fig. 7 with
experimental data. Again the results obtained with
GHEISHA model are far from the experimental observatio
but there are also differences between the results ofDPMJET

and VENUS1UrQMD. The results obtained with
VENUS1UrQMD are lower than the experimental values es
cially for low and intermediate energies. It has been sho
that this deviation originates mainly fromUrQMD, while at
higher energiesVENUS leads to a muon charge ratio that
compatible with the measurements@79#.

The DPMJET results agree generally well with the dat
with exception of the CAPRICE results at Fort Sumner. T
deviation for Fort Sumner has to be questioned because
geomagnetic cutoff in Fort Sumner resembles that in Buc

FIG. 6. The differential flux of vertical muons calculated b
CORSIKA using different models for the description of the hadron
interaction, in comparison with experimental results for various
tector sites. In order to enhance the differences in the region
interest, the fluxes are multiplied by the muon momentumpm .
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rest. Therefore the differences in the experimental values
the continuous increase of the charge ratio in the CAPRI
measurement for Fort Sumner far beyond the geomagn
cutoff seem to indicate experimental problems in this p
ticular measurement.

The real influence of the geomagnetic cutoff on the mu
charge ratio can be seen when comparing the CAPRICE
BESS results for Lynn Lake, the WILLI results for Bucha
est, and the BESS results for Tsukuba. At higher energies
ratio stays nearly constant; however, it decreases when
geomagnetic cutoff clips the great excess of low energy
mary protons, as can be observed in the results for Bucha
and Tsukuba. This effect is nicely reproduced byCORSIKA

using DPMJET as interaction model, while usingUrQMD the
effect is hidden by intrinsic problems of the model.

The systematics of the geomagnetic cutoff again sho
the problem of the CAPRICE results for Fort Sumner. T
CAPRICE results have almost the same dependence on
momentum as the BESS results in Tsukuba, where the g
magnetic cutoff is nearly three times higher.

It could be argued that Fort Sumner has an altitude
1230 m above sea level and there could be a strong de
dence of the charge ratio on the altitude, but theCORSIKA

simulations include the precise altitude, and the recent res
from BESS show only a weak dependence of the charge r

-
of

FIG. 7. The charge ratio of muons calculated byCORSIKA using
different models for the description of the hadronic interactio
compared to experimental data from various detectors.
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on the altitude. The BESS data indicate a 3% difference
tween Tsukuba and Mt. Norikura, which has an altitude
2770 m@80#.

The inability of GHEISHA, the standard hadronic interac
tion model in the detector simulation toolGEANT 3.21, to re-
produce the data on atmospheric muons is surprising. Bu
fact serious deficits ofGHEISHA have already been proved i
direct model tests. In Refs.@81,82,79# it was reported that
GHEISHA violates the energy, momentum, charge, and bar
number conservation in a single hadronic interaction.

At least the energy conservation is also violated on av
age as can be shown by the simulation of extensive air sh
ers with standardCORSIKA. CORSIKA allows all the energy
deposited in the atmosphere during the shower developm
to be summarized. UsingGHEISHA as the low energy had
ronic interaction model, an augmentation of the energy o
complete shower is observed. This increase of energ
about 5% at 1015 eV and 7% at 1014 eV. Therefore, the
GHEISHA version used inGEANT3 @30# should not be used in
any serious simulation of atmospheric neutrino flux. T
holds especially for the neutrino flux calculations
Plyaskin, which are based onGHEISHA only. After we fin-
ished these simulations, correction patches forGHEISHA be-
came available which very much improve the energy con
vation @83#.

C. The east-west effect of the muon charge ratio

The data for inclined muons allow a check of the calc
lations in the curved geometry of the Earth. Using the
called east-west effect of the muon charge ratio, caused
the influence of the geomagnetic field, the method of h
dling the field in the calculation can also be verified.

Figure 8 shows preliminary results of the WILLI exper
ment for muons observed in east and west directions ha
a mean zenith angle of 35 °@84# in comparison with
CORSIKA simulations on the basis ofDPMJET. The CORSIKA

FIG. 8. The east-west effect on the muon charge ratio as m
sured by the WILLI detector in comparison with calculations
CORSIKA using DPMJET. The detector acceptance of WILLI is take
into account by processing the raw results ofCORSIKA with the
detector simulation program of WILLI. East and west mean that
detector looks to the east and west, respectively.
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results were processed by a full detector simulation of
experiment in order to account for the complex acceptanc
the instrument.

The agreement of theCORSIKA results with the strong
east-west effect observed by the WILLI experiment giv
confidence that the corresponding effect in the atmosph
neutrino flux is also handled well byCORSIKA.

Muon data at various depths in the atmosphere wo
provide a further possibility for the revision of calculation
on atmospheric particle fluxes. Unfortunately, the rise a
descent times of the actual balloon measurements are so
that the corresponding muon data have large statistical
rors. Additionally, the atmospheric pion flux causes syste
atic errors in some instruments. While the pion flux at s
level is only 0.5% of the muon flux, it reaches 50% wh
approaching the top of the atmosphere.

Nevertheless, it has to be pointed out that the atmosph
muon flux, in contrast to the neutrino flux where every ne
trino produced reaches ground level, is a highly differen
quantity, because most muons are already absorbed be
reaching ground level. Therefore possible differences, for
ample, in the nuclear interaction models, are enhanced f
one hadronic interaction to the next. Thus the calculation
the ground level muon flux has larger theoretical uncerta
ties than the calculation of the atmospheric neutrino flux.

IV. CALCULATION OF ATMOSPHERIC NEUTRINO FLUX

A. The vertical neutrino fluxes in Kamioka

The calculation of the atmospheric neutrino flux for K
mioka is split into two separate calculations. The downwa
going neutrinos are simulated locally for Kamioka, while t
upward going neutrinos are calculated from primary partic
distributed over the entire Earth and only neutrinos pass
in a circle of 1000 km distance from Kamioka are used in
further analysis.

This procedure causes a large difference in the numbe
primary particles needed in the simulation for obtaining t
same statistical accuracy for the up- and downward go
fluxes. In the present simulation the number of upward go
neutrinos is still a factor of 8 smaller.

Table III gives the differential intensities for vertical neu
trinos obtained with CORSIKA, using DPMJET and
VENUS1UrQMD. In Figs. 9 and 10 the results are compar
directly with the calculations of BGS, HKHM, and
BFLMSR.

The inclusive neutrino flux obtained withCORSIKA is evi-
dently lower than the fluxes given by BGS and HKHM. Th
differential flux at 0.1 GeV is about 40% smaller than t
BGS flux and becomes comparable at energies in the G
range. The agreement of theCORSIKA results usingDPMJET

and usingVENUS1UrQMD with the BFLMSR calculation is
better. The deviation of these absolute flux calculations o
essentially the whole energy range remains less than 2
The energy dependence of the neutrino flux in BFLMSR a
VENUS1UrQMD is quite similar, whileDPMJET shows a sys-
tematic difference from BFLMSR.

a-

e
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9.4
7.7
6.2
4.8
3.7
2.7
2.0
1.4
1.0
0.72
0.50
0.34
0.23
0.15
0.096
0.062
0.040
0.026

4 0.016
0 0.0095
8 0.0060
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TABLE III. The vertical differential intensityf (n) and the errorD(n) for downward going neutrinos at Kamioka as calculated w
CORSIKA using DPMJET and VENUS1UrQMD. The fluxes and the corresponding statistical errors due to the limited number of events
Monte Carlo simulation are given in units of (m2 s sr GeV)21.

En DPMJET VENUS1UrQMD

~GeV! f (ne) D(ne) f (n ē) D(n ē) f (nm) D(nm) f (nm̄) D(nm̄) f (ne) D(ne) f (n ē) D(n ē) f (nm) D(nm) f (nm̄) D(nm̄)

0.112 1303 6.1 1251 5.9 2708 8.8 2727 8.8 1341 6.4 1330 6.4 2838 9.3 2857
0.141 1142 5.1 1100 5.0 2336 7.2 2329 7.2 1154 5.3 1153 5.3 2430 7.7 2422
0.178 921.3 4.1 875.5 4.0 1894 5.8 1870 5.8 932.5 4.2 920.7 4.2 1995 6.2 1985
0.224 702.1 3.2 655.1 3.0 1455 4.5 1432 4.5 703.0 3.3 678.3 3.2 1526 4.8 1506
0.282 506.0 2.4 473.3 2.3 1075 3.5 1050 3.4 505.0 2.5 488.5 2.4 1114 3.7 1094
0.355 361.6 1.8 327.8 1.7 775.8 2.6 755.8 2.6 347.6 1.8 334.3 1.8 776.9 2.7 769.5
0.447 247.8 1.3 221.3 1.3 542.1 2.0 526.3 1.9 231.4 1.3 218.1 1.3 528.1 2.0 512.7
0.562 164.1 0.96 142.9 0.90 371.7 1.4 358.8 1.4 150.8 0.96 140.0 0.93 349.6 1.5 340.3
0.708 106.8 0.69 92.10 0.64 246.3 1.1 234.3 1.0 94.37 0.68 85.94 0.65 224.2 1.0 212.4
0.891 66.74 0.49 56.19 0.45 160.2 0.76 149.0 0.73 57.09 0.47 50.84 0.44 140.4 0.74 134.1
1.122 39.37 0.33 33.05 0.31 99.78 0.53 92.37 0.51 32.49 0.32 29.51 0.30 84.70 0.51 80.70
1.413 23.33 0.23 19.20 0.21 59.89 0.37 54.97 0.35 18.74 0.21 16.47 0.20 50.29 0.35 46.93
1.778 12.89 0.15 10.22 0.14 33.97 0.25 30.76 0.23 10.21 0.14 8.636 0.13 28.59 0.24 26.40
2.239 6.746 0.098 5.366 0.087 19.23 0.17 16.50 0.15 5.345 0.091 4.579 0.084 15.73 0.16 14.30
2.818 3.413 0.062 2.632 0.054 10.24 0.11 8.821 0.10 2.609 0.056 2.270 0.053 8.783 0.10 7.615
3.548 1.611 0.038 1.347 0.035 5.236 0.068 4.432 0.063 1.258 0.035 1.115 .033 4.645 0.067 3.983
4.467 0.741 0.023 0.583 0.020 2.566 0.043 2.168 0.039 0.6162 0.022 0.5615 0.021 2.490 0.044 2.106
5.623 0.299 0.013 0.241 0.012 1.266 0.027 1.044 0.024 0.3047 0.014 0.2447 0.012 1.269 0.028 1.065
7.079 0.133 0.0077 0.117 0.0073 0.6337 0.017 0.4648 0.014 0.1278 0.0079 0.0991 0.0069 0.5997 0.017 0.538
8.913 0.060 0.0046 0.049 0.0042 0.2966 0.010 0.2328 0.0091 0.0749 0.0054 0.0452 0.0042 0.3104 0.011 0.232
11.22 0.023 0.0026 0.016 0.0022 0.1504 0.0065 0.1210 0.0059 0.02913 0.0030 0.0187 0.0024 0.1674 0.0072 0.116
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Figure 11 displays the ratio between the different neutr
flavors in the vertical downward going flux. The agreeme
of all calculations for the ratio of muon neutrinos to electr
neutrinos is very good. The deviation of the HKHM resu
and the discontinuity atEn51 GeV are caused by differen
approaches in the model. Below 1 GeV the values of HKH

FIG. 9. The vertical differential intensities of the different ne
trino flavors in Kamioka, displayed as the ratio between
CORSIKA results usingDPMJETas hadronic interaction model and th
calculations of BGS, HKHM, and BFLMSR.
07302
o
t
are averaged over the zenith angle; only above 1 GeV
they stand for vertical, downward going neutrinos. For en
gies below 3 GeV the differences between the other mod
are on the level of 2% or better.

Some differences between the calculations are observe
the ratio of muon neutrinos to muon antineutrinos. T

e
FIG. 10. The vertical differential intensities of the different ne

trino flavors in Kamioka. Shown is the ratio between theCORSIKA

results usingVENUS1UrQMD as hadronic interaction model and th
calculations of BGS, HKHM, and BFLMSR.
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CORSIKA calculations withDPMJET and VENUS1UrQMD and
the BFLMSR calculations agree perfectly. The calculatio
of BGS predict a lower ratio at 3 GeV while the calculatio
of HKHM are different around 1 GeV and show a smal
increase of the ratio at high energies.

The ratio of electron neutrinos to electron antineutrin
reveals larger differences. The results of HKHM beha
quite differently from the results of all other models. Inte
estingly, theDPMJET results agree with the BFLMSR result
while theVENUS1UrQMD results agree with the BGS result
Because of the close correlation between the ratio of elec
neutrinos to electron antineutrinos and the charge ratio
muons, these findings allow us to rule out the results
VENUS1UrQMD in this particular quantity, meaning that th
results of BGS are also suspicious in this aspect.

An interesting quest for theCORSIKA calculations, with
their inclusion of the precise geometry of the Earth, is
examine the natural differences between the up- and do
ward going neutrino fluxes at Kamioka. Such differenc
could contribute to the measured asymmetry, which is co
monly attributed to the oscillation of the neutrinos. Any na
ral difference based on the geographical environment h

FIG. 11. The ratio between different neutrino flavors in the v
tical flux in Kamioka as calculated byCORSIKA with DPMJET and
with VENUS1UrQMD.
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direct impact on the analysis of the neutrino oscillations a
finally changes the oscillation parameters obtained.

A major difference between Kamioka and its antipode
the South Atlantic comes from the geomagnetic cutoff. Wh
the vertical cutoff at Kamioka is 12.3 GV, the South Atlant
region is influenced by the so-called South Atlantic magne
field anomaly, leading to a vertical cutoff at the antipode
only 8.6 GV. This causes an asymmetry between the inte
ties of up- and downward going neutrinos for Kamioka,
can be seen in Fig. 12.

The asymmetry of 20% observed in the calculations
BFLMSR represents the raw effect based on the differen
in the geomagnetic cutoff, because the calculation does
include any local magnetic field. In theCORSIKA simulations
the local field and an additional contribution to the up-dow
asymmetry, caused by the different elevation of the surf
above sea level at Kamioka and in the antipode region in
South Atlantic are taken into account.

The location of the Super-Kamiokande detector in t
mountains causes an altitude difference of several hund
meters compared to the average altitude of the antipode
gion. Thus in the South Atlantic the shower developmen
longer and more neutrinos are produced in the shower.
ther details of the influence of the local magnetic field a
the geomagnetic cutoff are investigated in Sec. IV C. T
effect of the contrary seasons in Japan and the South At
tic, which is taken into account by using the appropria
atmospheric models, does not lead to any observable ef
the effect is smaller than the actual statistical errors.

-

FIG. 12. The asymmetry of the up- (Nu) and downward (Nd)
going neutrino fluxes for Kamioka as calculated byCORSIKA using
DPMJET and VENUS1UrQMD, in comparison with the calculation o
BFLMSR. The asymmetry is expressed as the ratio between
difference and the sum of the up- and downward going neutr
fluxes.
0-11
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FIG. 13. The zenith angle dependence of the neutrino intensities at Kamioka as calculated byCORSIKA with DPMJET and with
VENUS1UrQMD, in comparison with the calculations of BFLMSR and BGS. The first column shows the plots for the energy interval
0.31 GeV, the second for 0.31 to 1 GeV, the third for 1 to 3.1 GeV, and the last for 3.1 to 10 GeV.
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B. The directional dependence of the neutrino fluxes
in Kamioka

The dependence of the neutrino fluxes on the zenith a
is shown in Fig. 13. The three dimensional calculations
BFLMSR andCORSIKA show an enhancement of the ne
trino flux near the horizon. This enhancement is based o
geometrical effect, i.e., the spherical shell geometry of
neutrino production volume@85#. This effect was neglected
in all one dimensional simulations like those of HKHM an
BGS. The strength of the effect shows clearly the neces
of time consuming three dimensional simulations in a sph
cal geometry. The agreement of the calculation w
VENUS1UrQMD and that by BFLMSR is again better, whil
the DPMJET results show systematically higher fluxes for e
ergies between 1 and 3 GeV.

The dependence of the resulting ratio between muon n
trinos and electron neutrinos on the zenith angle is show
Fig. 14. Only the results for energies below 1 GeV are p
ted; for higher energies no difference between all four cal
lations is observed. As in the case of the ratios between
tical neutrino fluxes, the largest differences are observe
the ratio of electron neutrinos to electron antineutrinos. T
CORSIKA results show a strong increase of the ratio near
horizon. The origin of this effect will be investigated in Se
IV C.
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An 8% difference of the ratio of muon neutrinos to ele
tron neutrinos at low energies can also be observed nea
horizon. The results of the BGS calculation lead to very lo
values for this quantity, and may be an artifact of the cal
lation in a one dimensional geometry.

The dependence of the neutrino fluxes on the azim
angle is shown in Fig. 15. The agreement between the
culations with DPMJET and with VENUS1UrQMD for west-
ward going neutrinos is very good, but for eastward go
neutrinos some noticeable differences are observed at hi
energies. This is a secondary effect of the difference in
momentum spectra of the reaction products between the
models, but it is also an instructive example of how the
teraction model influences results that are commonly
sumed to have a geometrical nature.

The detailed comparison with the results of the HKK
calculation shows very good agreement in the shape of
azimuthal distribution. At the lowest energies the HKK
calculation leads to much higher fluxes. The authors s
that this overestimation was caused by the use of the
COSMOSinteraction models. A new calculation usingDPMJET

as the hadronic interaction model will overcome this pro
lem.

The good agreement betweenCORSIKA results and the cal-
culation of HKKM in the azimuthal distribution is far from
0-12
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trivial, as is shown by the comparison of theCORSIKA results
with calculations of Lipariet al. @86,85# in Fig. 16. Here the
shapes of the distributions for electron neutrinos and m
antineutrinos are compatible, but strong disagreement e
for electron antineutrinos and muon neutrinos.

The results can be expressed by the east-west asymm
AEW5(NE2NW)/(NE1NW), where NE and NW stand for
the particle fluxes of neutrinos going to the east and w
respectively. Figure 17 shows the energy dependence o
east-west asymmetry. Again theCORSIKA results with
DPMJET have a slightly higher asymmetry than the calcu
tions with VENUS1UrQMD. The distributions of all neutrino
flavors show similar shapes. The strongest asymmetry is
served for electron neutrinos and the weakest for elec
antineutrinos. All neutrino flavors exhibit a maximal asym
metry for an energy around 800 MeV.

C. The influences of the geomagnetic cutoff and the local
magnetic field

In order to investigate the individual influences of t
geomagnetic cutoff and of the local magnetic field, the c
culations of the atmospheric neutrino fluxes for Kamio
with DPMJET have been repeated twice under the same c
ditions, except setting once the local magnetic field and o
the geomagnetic cutoff to zero. This procedure allows us
disentangle the individual influences of the two effects.

Because charged particles do not gain or lose energy
magnetic field, the influence of the local magnetic field
the total neutrino fluxes is negligible. The main effects a
expected in the ratios of neutrinos and in the azimuthal

FIG. 14. The results of CORSIKA using DPMJET and
VENUS1UrQMD for the zenith angle dependence of the different
tios between the neutrino flavors. The values are compared with
calculations of BFLMSR and BGS. The plots in the first row are
the energy interval 0.1 to 0.31 GeV and in the second row for 0
to 1 GeV. If the error bar is not drawn, the error is smaller than
symbol size.
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tribution of the fluxes. In particular, the ratio of electro
neutrinos to electron antineutrinos shows a strong effect
cause the electron neutrinos are predominantly produce
positive muons and the electron antineutrinos by nega
muons.

Muon neutrinos and muon antineutrinos are produced a
in the decay of charged pions. In contrast to the muon de
muon neutrinos result here from the decay of positive a
muon antineutrinos from the decay of negative particles.
cause of the shorter lifetime and the higher momentum,
total bending of the pions is less and the bending of
muons preponderates, but the total effect of the local m
netic field on the muon neutrinos remains weaker.

The effect of the inclusion of the local magnetic field
the calculation is shown in Fig. 18. The increase of the ra
between electron neutrinos and electron antineutrinos n
the horizon as observed in Fig. 14 has to be attributed c
pletely to the bending of the charged shower particles in
atmosphere.

The CORSIKA results for the azimuthal dependence of t
atmospheric neutrino fluxes under different conditions
displayed in Fig. 19. The differences are pronounced
smaller energies. At higher energies all the different con
tions lead to identical fluxes. The influence on the shape
the azimuthal distribution is weak, but only for detector sit
with a high geomagnetic cutoff.

Without consideration of the geomagnetic cutoff, mu
higher neutrino fluxes are obtained due to the higher flu
of primary particles. The asymmetry in the azimuthal dist
bution results here only from the deflection of charg
shower particles in the local magnetic field. The characte
tics of this asymmetry are very similar to the east-west eff
caused by the geomagnetic cutoff, a consequence of the
cess of positive particles in the atmosphere, on which
magnetic field acts in a similar way as on the primary pro
flux. This argument is supported by the different behavior
electron antineutrinos, which are produced only in the de
of negative muons.

In order to illustrate the transition between a zero an
high geomagnetic cutoff, the results of a calculation assu
ing an isotropic cutoff of 6 GV have also been added in F
19. These results show that neglect of the local magn
field, as in many calculations of atmospheric neutrino flu
may lead to wrong azimuthal distributions at least for det
tor sites with a comparable low geomagnetic cutoff.

V. CONCLUSION

This work aims at a new procedure for the calculation
the atmospheric neutrino flux considering various influen
that have not been taken into account so far or, if ever, o
in a less rigorous way. The capabilities of the procedure
demonstrated by a particular calculation of the detailed n
trino flux at Kamioka. The detailed procedure applies the
shower simulation codeCORSIKA in the version 6.000, which
has been extended and modified for reliable simulation of
cascading interactions induced in the atmosphere by prim
particles in the low energy part of the cosmic ray spectru

A description of the solar modulation and tables for t

-
he
r
1
e
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FIG. 15. The azimuth angle dependence of the neutrino fluxes at Kamioka as calculated withCORSIKA for different energies and neutrino
flavors compared with the calculations of HKKM. The data in the first row are integrated in an energy interval from 0.1 to 0.3 GeV
second row from 0.3 to 1 GeV, and in the third row from 1 to 3.1 GeV. The neutrinos selected are from both hemispheres a
ucosuu,0.5. In this diagramf50 indicates a particle going in the magnetic north direction. The errors are smaller than the symbo
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geomagnetic cutoff, calculated in a detailed Monte Ca
simulation, were introduced. In addition, for the first time f
atmospheric neutrino flux calculations, the geography of
Earth is taken into account by a digital elevation mod
tables for the local magnetic field in the atmosphere, a
various atmospheric models for different climatic zones a
seasons. These extensions are not yet part of the stan
CORSIKA package.

CORSIKA features precise particle tracking, including t
deflection of the charged shower particles in the local m
netic field and the energy loss by ionization and multip
scattering. The primary flux used is based on recent meas
ments with the prototype of the AMS experiment. These d
also allow a test of the calculations for the geomagnetic c
off.

An important aspect of the calculations is the question
the adequacy of the hadronic interaction model used as
erator of the flux calculations. This question is approach
by using the possibilities of theCORSIKA code to operate
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optionally with various different hadronic interaction mo
els. The models are scrutinized by an extensive compar
with measured fluxes and charge ratios of atmosph
muons in different locations.

It turns out that theGHEISHA model leads to significan
discrepancies with the data from various experiments,
predictions based onGHEISHA have to be considered a
highly doubtful. The use ofDPMJET II.5 as well as of the
combination VENUS1UrQMD results in differential muon
fluxes that are in good agreement with the measureme
The DPMJET model reproduces the charge ratio of muons
vertical incidence, while the values obtained wi
VENUS1UrQMD appear systematically too small. The calc
lations with DPMJET agree also well with the preliminary
results of the WILLI experiment for the east-west effect
the charge ratio of muons with inclined incidence.

Subsequently,CORSIKA was used with the described re
finements to calculate the fluxes of atmospheric neutrinos
Kamioka. The resulting absolute neutrino intensities
0-14
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lower than those found in the classical calculations of B
and HKHM, but they are in good agreement with the rec
three dimensional calculations of BFLMSR. Usin
VENUS1UrQMD the deviations from BFLMSR prediction
are smaller than 20% over the whole energy range and
overall energy dependence is very similar.

DPMJET leads to absolute fluxes, that are also very sim
to the simulations of BFLMSR, but the energy depende
turns out to be slightly different. Nevertheless, the be
agreement of theDPMJET predictions with the measure
fluxes and charge ratios of atmospheric muons provide

FIG. 16. The azimuth angle dependence of the neutrino fluxe
calculated byCORSIKA with DPMJET and withVENUS1UrQMD, com-
pared with the calculation of Lipariet al. @86,85#. The neutrinos
used in the analysis result from both hemispheres, requi
ucosuu,0.5 and an energy between 0.5 and 3 GeV. The calculat
of Lipari et al. have been normalized to the fluxes obtained w
DPMJET. In this diagramf50 indicates a particle going toward th
magnetic north. The errors are smaller than the symbol sizes.

FIG. 17. The energy dependence of the east-west asymmet
the atmospheric neutrino flux as calculated byCORSIKA with DPMJET

and withVENUS1UrQMD.
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stringent argument in favor of this particular model.
The ratio of muon neutrinos to electron neutrinos and

ratio of muon neutrinos to muon antineutrinos in the verti
downward flux are identical within the statistical uncerta
ties for the CORSIKA calculations invoking DPMJET or
VENUS1UrQMD and the calculations of BFLMSR. But for th
lowest energy neutrinos with horizontal incidence the rat
between muon neutrinos and electron neutrinos obtai
with DPMJET and withVENUS1UrQMD are higher.

Significant differences are observed for the ratio of el
tron neutrinos to electron antineutrinos. TheDPMJET results
for vertical neutrinos for this quantity agree with the resu
of BFLMSR, and the results ofVENUS1UrQMD agree with
the results of BGS. Again, the very good agreement in
correlated quantity of the muon charge ratio gives a stro
argument forDPMJET. For horizontal neutrinos theCORSIKA
results predict a strong increase of the ratio at low energ

The actual results have relevance for the analysis of
atmospheric neutrino anomaly. Any change in the ratio
muon neutrinos to electron neutrinos leads directly to
change of the oscillation parameters. In addition, the discr
ancies found in the ratio of electron neutrinos to electr
antineutrinos are of particular interest for Supe
Kamiokande, because the detection cross sections for ne
nos are about three times larger than for antineutrinos an
is not possible to distinguish between them in this expe
ment.

To quantify the influence of these effects on the neutr
oscillation parameters would require a full detector simu
tion of the Super-Kamiokande experiment based on the
sented fluxes, a task which is beyond the scope of this c
munication. It can be stated that the difference of t
neutrino fluxes presented here from those used in the o
lation analysis is not large enough to affect the claim
existence of neutrino oscillations for atmospheric neutrin

The use of two different hadronic interaction models, bo

as

g
s

in

FIG. 18. Zenith angle dependence of the ratio between elec
neutrino and electron antineutrino fluxes at Kamioka. The result
CORSIKA with DPMJETconsidering the local magnetic field are com
pared with results ofCORSIKA and BFLMSR neglecting the loca
magnetic field.
0-15
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FIG. 19. The azimuth angle dependence of the atmospheric neutrino fluxes at Kamioka as calculated byCORSIKA under different
conditions. The neutrinos used in the analysis result from both hemispheres and haveucosuu,0.5. In addition to the results already describe
above, the azimuthal distributions are shown for a zero local magnetic field, a zero geomagnetic cutoff, and an isotropic cutoff of
this diagramf50 indicates a particle going toward the magnetic north. The distributions in the first row are integrated over an
interval between 0.1 and 0.3 GeV, in the second between 0.3 and 1 GeV, and in the third between 1 and 3.1 GeV.
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of good repute in the interpretation of accelerator exp
ments, shows clearly the potential influence of the hadro
interaction model on the interpretation of the atmosphe
neutrino anomaly. Because of the high quality of the rec
measurements of primary particle fluxes, the main sourc
remaining uncertainties in the atmospheric flux calculatio
has to be attributed now to the actual uncertainties in
hadronic interaction models.

For studying the influence of the geomagnetic field a
the origin of the east-west effect in the atmospheric neutr
flux, CORSIKA calculations withDPMJET setting the local
magnetic field to zero or skipping the geomagnetic cut
were performed. The main influence of the local magne
field is found for the ratio of electron neutrinos to electr
antineutrinos.CORSIKA predicts for the first time a stron
increase of the ratio near the horizon.

The local magnetic field proves to be of minor influen
on the azimuthal distribution of neutrinos in Kamioka, a
the east-west effect arises mainly from the azimuthal dep
07302
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dence of the primary particle flux caused by the geomagn
cutoff rigidity. The simulations without a geomagnetic cuto
show that this observation is valid only for Kamioka with i
relatively high geomagnetic cutoff value. For a neutrino d
tector site like Sudbury in Canada, where the vertical g
magnetic cutoff is only 1.1 GV, a measurable east-west ef
would originate exclusively from the bending of the charg
shower particles in the local magnetic field.

To what extent the Earth’s geography significantly affe
the results of the calculations has not been investigate
detail by separate calculations. The higher asymmetry of
up- and downward going particle fluxes found in the act
calculations in comparison to the results of BFLMSR, ind
cates an influence of the digital elevation model on the or
of a few percent. Compared to the changes of the atm
spheric depth at the different altitudes, the variation induc
by the different atmospheric models is small. The influen
on the particle fluxes at Kamioka should be negligible. Ne
ertheless, for detector sites with extreme atmospheric co
0-16
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tions, like the South Pole, the profile of the atmosphere m
lead to noticeable seasonal effects.

Note added in proof.After submission of this paper w
learned of new, more detailed, numerical calculations
Naumovet al. @87#, which essentially confirm the results o
Ref. @11#.
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