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Atmospheric muon and neutrino flux from 3-dimensional simulation

Yong Liu,* L. Derome,† and M. Buénerd‡
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~Received 29 November 2002; published 29 April 2003!

The atmospheric muon and neutrino flux have been simulated using the same approach which successfully
accounted for the recent secondary proton, electron, and positron flux measurements in orbit by the AMS
experiment. For the muon flux, good agreement is obtained with the CAPRICE and HEAT data for altitudes
ranging from sea level up to about 38 km. The general features of the calculated atmospheric neutrino flux are
reported and discussed. The flux obtained at the Super-Kamiokande experiment location are reported and
compared with other calculations. For low neutrino energies the flux obtained is significantly smaller than that
used in the data analysis of underground experiment. The simulation results for the SOUDAN experiment site
are also reported.
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I. INTRODUCTION

With the rapidly increasing amount and statistical sign
cance of the data collected by underground neutrino de
tors @1,2#, the precise calculation of the atmospheric neutr
flux is highly desirable, since the interpretation of the d
relies on the calculated flux as a fundamental input. In
contained events analysis, the ratio of ratios—namely,
ratio of the observed number of muon events to the num
of observed electron events with the corresponding ratio
the same numbers from simulation calculations—is not s
sitive to the absolute neutrino flux. However, in the analy
of upward going muon events, the absolute flux need to
known accurately in addition to the detailed features of
flux such as the zenithal and azimuthal angle distribut
@3,4#. The availability of calculations of proven validit
would discard all possible doubt on the conclusions.

In the past 20 years, various methods including analyti
semianalytical@5,6#, kinematical@7#, and Monte Carlo tech-
niques@8,9# have been applied to calculate the atmosphe
neutrino flux@5,8–12#. However, the accuracy of the resul
was limited by the accuracy on both the cosmic ray~CR!
abundance and the production cross section of the pa
particle (p6,K6,KL

0 ,KS
0) in the collisions of CRs with at-

mospheric nuclei over the relevant energy range@13,14#,
used in these calculations, these two quantities being b
inputs to the calculations. The analysis and the comparis
made in@15# indicated that the particular choice of the p
mary spectra and the strong interaction model, as wel
Earth’s geomagnetic field could result in significant diffe
ences in the calculated neutrino flux.

The new AMS@16# and BESS@17# measurements of th
CR proton flux consistently agree to within 5%. The valu
reported are lower than those used in the previous works
about 20%–25%@18#. In addition, some analyses@19#
showed that the pion production cross sections given by
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general purpose software based on theoretical models
largely depart from experimental data.

Although the values of the flavor ratio reported in prev
ous works are very close to each other, the absolute value
the flux obtained in these works fail to be consistent w
each other within satisfying precision@15#. In particular,
these results seem not to predict quantitatively the obse
east-west~EW! asymmetry of the neutrino induced even
@20,21# which is expected to originate from the EW asym
metry of the geomagnetic cutoff~GC! on the incoming CR—
mainly protons and helium particles here—momentum, d
to Earth’s magnetic field. Any calculation, to be reliabl
must reproduce the experimental EW asymmetry since fla
oscillations do not change the direction of motion. This
quirement can be taken as a testing ground for the var
approaches of the neutrino flux calculations.

With the occurrence of the new measurements of the
mary CR flux, together with the continuous improvement
the cross section calculations, most approaches have
updated@18,22–25#, and new calculations have been pr
posed@26–30#. In parallel, experimental groups also ma
greater effort aiming at understanding the neutrino prod
tion process in the atmosphere@31–33# with the measure-
ments on the muon flux at various altitudes, together w
those of the primary proton and helium flux. These new d
provided a sounder testing ground for the reliability of t
numerical approaches to the particle production and to
particle dynamics and kinematics in the atmosphere an
Earth’s geomagnetic field.

The work reported here is an extension of a research
gram which primary motivations were to interpret th
AMS01 measurements of the charged particle flux in n
Earth orbit@16,34#. To this purpose, an event generator d
scribing the CR-induced cascade in the atmosphere, par
propagation in geomagnetic field, and interactions with
medium has been developed and successfully used to re
duce the proton@35#, electron-positron@36#, and helium 3
@37# flux data measured by AMS and their relevant dep
dence on the geomagnetic coordinates. Since thee6 genera-
tor of the program was basically the same as needed to
erate the muon and neutrino flux, the code could be ra
straightforwardly extended to describe the latter and to
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dress the important issue of the atmospheric neutrino flu
should be emphasized that the present approach allow
evaluation of the neutrino flux induced by both the prima
CR flux and the atmospheric secondary flux, which ha
been tested sensitively and independently on other obs
ables, conferring to the results a character of sound relia
ity. The above issues will be discussed in detail below. T
approach is also being successfully applied to the calcula
of the atmospheric secondary flux of antinucleons@38#.

The article reports on the calculation of the atmosphe
muon and neutrino flux. The paper is organized as follo
In Sec. II, the method and models used in the calculations
introduced. Section III is devoted to the results on the mu
flux. In Sec. IV, the properties of the calculated neutrino fl
averaged on the whole terrestrial sphere are discussed, w
the properties of the local neutrino flux calculated at the
cation of the Super-Kamiokande detector are discusse
Sec. V. In the following Sec. VI the neutrino flux at th
Soudan detector location is discussed along the same l
Summary and conclusions are given in Sec. VII.

II. METHODS AND MODELS

The method of calculation and the models used in
simulation program are described in@35,36#. The calculation
proceeds by means of a full 3D-simulation program. T
main features of this approach are listed below for the re
er’s convenience, with emphasis on some particular po
relevant to the neutrino and muon flux.

~1! CR generation: Incident cosmic rays are generated
a virtual sphere chosen at some distance from Earth as
cussed below. Events are generated randomly and unifo
on this sphere. In order to get an isotropic flux at any po
inside the volume of the virtual sphere, the differential e
ment of the zenith angle distribution of the particle directi
generated on the sphere must be proportional
cosuzd(cosuz), uz being the zenithal angle of the partic
@11,22# ~see also@24#!. The particle (A and Z) and its mo-
mentum are then generated according to the CR abunda
and spectra discussed below. Generating random events
virtual sphere far enough from Earth, i.e., at a distance wh
the geomagnetic field effects are negligible, so that the
flux is isotropic, would imply a very large distance fro
Earth and thus the generation of a tremendous numbe
events, most of them being useless for the simulation p
pose since they would not reach the Earth-atmosphere
tem. Instead of this time consuming direct method, the g
eration sphere is chosen close to Earth, at a 2000 km altit
The geomagnetic cutoff is then applied by backtracing
particle trajectory in the geomagnetic field. In this procedu
only those particles reaching a backtracing distance of
Earth radii are kept in the sample. Flux conservation alo
any allowed particle path in the geomagnetic field is ensu
by Liouville’s theorem application@39#.

~2! CR abundances: For the incident CR proton and
lium flux, functional forms fitted to the 1998 AMS measur
ments were used@16,34#. For other periods of the solar cycl
than those of the measurements, the incident cosmic flu
corrected for the different solar modulation effects using
07302
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simple force law approximation@40#. The main components
of the incident CR flux are usually divided in the followin
most abundant groups of elements:p, He, CNO, Ne-S, and
Fe. The contribution of each group to the neutrino flux sca
roughly with the productf(^z&)m(p) with f(^z&) the CR
abundance of the element or group of elements with m
electric chargê z&, and m(p) the average multiplicities of
pions produced in the CR collisions with atmospheric nuc
This is approximate since secondary protons induced by
He component also contributing to this production are
taken into account in this product. Table I shows the relat
abundances of the estimated pion flux induced by the var
components of the CR flux. They have been evaluated u
the AMS measurements forp and He and those from@41# for
the heavier elements with the spectral index from@42#. The
flux has been calculated for particle rigidities above a g
magnetic cutoff of 10 GV. The pion multiplicities were take
from @43,44# at 4.2 GeV/c per nucleon. The sum of the con
tributions from theA.4 flux components amounts to abo
6%, while it is 72% forp and 22% for He. This choice fo
the GC maximizes the He~and heavier elements! over thep
fraction, which would be smaller for a lower cutoff~the He
fraction would be around 10% for no cutoff!. TheA.4 com-
ponents of the CR flux were not taken into account in
present calculations. They will be included in the furth
developments of the code.

~3! Particle propagation: Each particle is propagated in
geomagnetic field and interacts with nuclei of the local
mospheric density. The specific ionization energy loss
computed for each step along the trajectory. The model u
to describe the atmospheric density was taken from R
@45#. Every secondary particle is processed the same wa
its parent particle, leading to the generation of atmosph
cascades.

~4! Secondary particle production: Nucleons, pions, a
kaons are produced with their respective cross sections.
these particles the Kalinovsky-Mokhov-Nikitin~KMN ! pa-
rametrization of the inclusive cross sections@46# was used.
For pions the KMN parameters have been fit on a wide ra
of p1A→p6,0 data between 1.38 and 400 GeV/c incident
momenta @19,47#. Leptons—electrons, muons, an
neutrinos—are produced in the decay chains of meso
mainly pions and kaons, hadronically produced on atm
spheric nucleiA in processes of type:CR1A→M1X, M

→m1n, m→e1n1 n̄. See below for details. It must b
emphasized here that the constraint to reproduce simu
neously the lepton population measurements at various
tudes and geographical coordinates is extremely strong
that a successful result would ensure a high level of relia
ity of the theoretical grounds and of the numerical approa
to the problem.

~5! m decay: For the decay of muons, the spectra of
products (n,n̄,e6) are generated according to the Fer
theory.

~6! K decay: For kaon decay, the Dalitz plot distributio
given in @48# is used.

~7! m polarization effects: Muon polarization was take
2-2
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ATMOSPHERIC MUON AND NEUTRINO FLUX FROM 3- . . . PHYSICAL REVIEW D 67, 073022 ~2003!
into account for pion decay and for theK6→m6nm( n̄m)
channel@9,11,49#.

~8! CR energy range: The kinetic energy range of incid
CRs covered in the simulation is@0.2,2000# GeV, from
around the pion production threshold up to a value where
corresponding neutrino flux produced becomes negligible

~9! Processing: Each particle history, trajectory para
eters, and kinematics are traced and recorded by the
gram. The event file was then analyzed separately to gene
the various distributions of interest.

~10! n detection: For the neutrino flux calculation, a v
tual detection sphere is defined at the Super-Kamiokande
tector altitude.

~11! Flux normalization: The differential particle flux pro
duced in the simulation (m22

•s21
•sr21

•GeV21) were cal-

TABLE I. Mean flux f(z)(m2
•s•sr)21, p2 multiplicity

^m(p)&, of the components of the CR flux, and their product n
malized to 1, for the conditions described in the text.

Particle type p He CNO Ne-S Fe

^f(^z&)& 106 16 1.1 0.34 0.08
^m(p2)& 0.3 0.63 1.23 1.53 1.86
Fractionalp2 flux 0.72 0.22 0.032 0.011 0.0035
07302
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culated by dividing the number of particles detected by
~local! surface of the particle collection area, solid ang
energy bin size, and equivalent sampling time of the CR fl
The latter was obtained from the total event number gen
ated in the simulation run~s! divided by the surface of the
generation sphere times the integrated (cosuz weighted!
solid anglep) times the energy integrated flux.

To increase the statistics for the energy regions of l
particle flux, the primary spectra were separated into a
of energy intervals such as@0.2,50#,@50,100#, . . . ,
@450,500#, @500,600#, . . . , @900,1000#, @1000,1250#, . . . ,
@1750,2000# GeV; the simulation program was run sep
rately for each primary energy bin and appropriately ren
malized later when the full sample was constituted. The c
responding exposure times ranged from 2.1310212 s for the
lowest energy bin to 4.7310210 s for the highest energy bin
corresponding to a total of the order of 108 events generated
in the sample.

These calculations as those reported previously@35–37#
include no adjustable parameter.

III. ATMOSPHERIC MUON SPECTRA

As was mentioned above, atmospheric muons are p
duced in the decay chain of pions and kaons produced in

-

ments
r each
FIG. 1. Left: simulation results~histograms! for the negative muon flux at various altitudes in the atmosphere, compared to measure
~solid circles and triangles!, from sea level up to about 38 km. See text for details. Right: ratio of simulated flux to the measurement fo
data point.
2-3
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LIU, DEROME, AND BUÉNERD PHYSICAL REVIEW D67, 073022 ~2003!
collisions, i.e., in the same reaction chain as neutrinos
successful reproduction of the muon flux in the atmosph
is thus further support to the reliability of the neutrino flu
calculated in the same framework, physical conditions,
computational environment. This is true as well for t
electron-positron flux. For the latter, the present appro
has allowed to successfully reproduce the AMS meas
ments of thee6 flux and of their latitude dependence, in ne
Earth orbit recently@36# ~see@50# for the e6 in the atmo-
sphere!. The results on the muon flux are presented in t
section.

It must be emphasized first that the muon experime
observables—namely, the energy dependence of the flu
various altitudes—are not available for neutrinos. Theref
they offer a test ground for flux calculations which is mo
sensitive to the various elements of the calculations than
neutrino observables discussed below. For this reason
deserve to be investigated with care.

A. Negative muons

Figure 1 shows the calculated muon flux compared to
data measured by the CAPRICE and HEAT experime

FIG. 2. CR proton kinetic energy distributions of the cumulati
probability for producing downgoing muons in the energy bins
0.2–0.4, 0.8–1.2, 2.0–4.0, and 8.0–12.0 GeV~from the left to the
right!, with zenith (uzenith<15°), for the altitudes indicated.

TABLE II. Mean incident CR proton energy~GeV! producing
near vertical (uzenith<15°) downgoing muons in the specified e
ergy bins and altitudes.

Altitude ~km!

Em (GeV) 38 26 13 10 6 1.27 0.66 0.36

0.2–0.4 8.3 9.0 14.0 18.6 35.6 66.1 63.6 68
0.8–1.2 17.5 16.6 25.0 30.8 46.8 75.9 84.9 82
2.0–4.0 33.0 34.1 46.9 53.7 74.7 100.3 102.9 10
8.0–12.0 93.2 97.9 127.2 136.3 142.3 186.8 189.5 19
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@31,32# at various altitudes~left! and the ratios of the simu
lated to measured values for each data point~right!. The
agreement between simulation results and data is quite g
through the energy range investigated~0.5–50! GeV for all
altitudes, from about the sea level to 38 km. It is especia
good over the region from 10–26 km altitude where a la
fraction of the neutrinos detected by underground detec
are produced~see below!. A significant difference between
simulation results and data is observed, however, at 38
altitude for muon energies below 1 GeV. This might res
from an underestimated production of low energy pions
CR incident energy below about 10 GeV, since the pion p
duction cross section in this energy region is poorly co
strained by the very little data available. Note, however, t
relatively large uncertainties and variations of the measu
values, are observed for the low energy muon data@51#.

The energy distribution of the cumulated probability f
the incident CR protons to produce downward-going muo
close to zenith in different energy bins and for different a
tudes, is illustrated in Fig. 2. The corresponding mean val
of the primary proton energy are tabulated in Table II.

From Fig. 2, it is easy to see that the cumulative proba
ity curves shift gradually toward the high energy region w
the decreasing altitude, while the distances between
curves are compressed. This can be clearly seen as well
Table II. At 38 km altitude, the mean energies of prima
protons producing 0.2–0.4 GeV muons and producing 8
12.0 GeV muons differ by a factor of about 11, this fact
becoming about 7 at 10 km and 3 at around sea level.

Figure 2, Table II, and the following Fig. 3 and Fig. 1
show that~1! at the highest float altitude, the simulated mu
flux is most sensitive to the pion production cross sect
used in the simulation and, hence, the higher altitude m

f

9
3

FIG. 3. Flux ratios for muons induced by the primary C
~proton1helium! flux ~solid line!, and by atmospheric secondarie
~dotted lines!, respectively, to the total flux, for three detection a
titudes. The total flux are those from Fig. 1.
2-4
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FIG. 4. Left: simulation results~histograms! for the positive muon flux at various altitudes in the atmosphere, compared with mea
ments~solid circles and triangles!, from sea level up to 38 km, from Refs.@32,52#. See text for details. Right: ratio of simulated flux to th
measurement for each data point.

FIG. 5. Neutrino flux in three bins of geomagnetic latitude 0–0.5, 0.5–1, and 1–p/2 rad, averaged over a 4p solid angle. The error bars
given in the figure and all the following figures are statistical unless specified otherwise.
073022-5
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FIG. 6. Individualn/ n̄ and sum (nm1 n̄m)/(ne1 n̄e) flux ratios, as in Fig. 5.
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flux data can thus be taken as a good test of this cross
tion, and~2! in contrast, at around sea level, the low ener
muon flux should be more sensitive to the proton-neut
production cross section because on the average:

~a! The low energy muon path length is roughly on the k
scale, and the muons measured at sea level are thus prod
at relatively low altitude.

~b! Above 10 km, about five collisions have occurred.
these collisions, more secondary protons or neutrons are
07302
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duced, which can contribute largely to muons parent me
production.

B. Secondary proton contribution

The ratios of the muon flux originating from primary CR
and from secondaries respectively, to the total flux,
shown in Fig. 3. The flux are nearly vertical and the cor
sponding normalization area are the same as those show
Fig. 1 for the three altitudes.
Left

to
FIG. 7. Left up and middle: energy spectra of the CR helium flux contribution~dashed lines! and total kaon decay contribution~dotted

lines!, compared to the total flux~solid lines!, for then andn̄, neutrino flavors from top to bottom as indicated in the figure respectively.

bottom: ratios of CR helium induced (nm1 n̄m) flux to total (nm1 n̄m) flux ~solid line!, CR helium induced (ne1 n̄e) flux to total (ne

1 n̄e) flux ~dashed line!, kaon decay induced (nm1 n̄m) flux to total (nm1 n̄m) flux ~dash-dot line!, and kaon decay induced (ne1 n̄e) flux to

total (ne1 n̄e) flux ~dotted line!. Right: flavor ratios for the same three contributions~Total, CR He induced, and kaon decay, from top
bottom respectively!, averaged over 4p solid angle and integrated over the whole detection sphere. See text.
2-6
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ATMOSPHERIC MUON AND NEUTRINO FLUX FROM 3- . . . PHYSICAL REVIEW D 67, 073022 ~2003!
This figure shows, as could be expected from simple c
lision rank considerations, that in the whole muon ene
range, at the highest float altitude, more than 98% muon
originate from primary CRs. At intermediate altitudes, t
flux induced by secondaries decreases continuously with
energy from about 60% at 0.2 GeV down to about 20% at
GeV, while at around sea level, the same trend is obse
with a slower decrease with energy.

C. Positive muons

Figure 4 shows the calculatedm1 flux compared to the
measured data from the CAPRICE and BESS experime
The agreement with the BESS 99 data at mountain altit
@52# is very good, but in the low~below 1.0 GeV! and high
~beyond 10.0 GeV! energy range, the departure is obviou
This may result from the overestimation of the seconda
proton–neutron production cross section at low energy
pion-kaon production cross section at high energy.

FIG. 8. Total neutrino flux, primary CR proton and helium d
rectly induced neutrino flux, and secondary induced neutrino fl
averaged over whole detection sphere and over 4p solid angle. Top
left: CR primary~dashed lines, up:nm , down:ne), secondary~dot-
ted lines, up:nm , down:ne) contributions forne andnm , and total
ne andnm ~solid lines, up:nm , down: ne). Top right: CR primary

~dashed lines, up:n̄m , down: n̄e), secondary~dotted lines, up:n̄m ,

down: n̄e) contributions forn̄e and n̄m , and totaln̄e and n̄m ~solid

lines, up:n̄m , down: n̄e). Middle: ratios of primary contributed flux
to total flux and secondary contributed flux to total flux, forn ~left!

andn̄ ~right!. Dotted line: ratio of primary directly inducednm ( n̄m)

to total nm ( n̄m). Solid line: ratio of primary directly induced

ne ( n̄e) to total ne ( n̄e). Dash-dot line: ratio of secondary induce

nm ( n̄m) to total nm ( n̄m). Dashed line: ratio of secondary induce

ne ( n̄e) to total ne ( n̄e). Bottom: Flux ratiosne / n̄e , nm / n̄m , and

(nm1 n̄m)/(ne1 n̄e) for the primary directly induced~left panel! and
secondary induced~right panel! components.
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IV. PROPERTIES OF NEUTRINO SPECTRA

In this section, the characteristics of the simulated n
trino spectra, averaged over the whole detection surface
three bins of geomagnetic latitude and integrated over ap
solid angle, are described in details. The detection sphe
defined at 0.372 km, the altitude of the Super-Kamiokan
detector. Some features having important implications
underground experiments are emphasized.

A. Absolute flux and flavor ratios

The calculated flux are shown in Fig. 5 for three bins
geomagnetic latitude. The corresponding ratios of flux
shown in Fig. 6, where it is seen that the flux increases w
the geomagnetic latitude in the low energy (, few GeV!
range. At 0.1 GeV, the difference between the flux at low a
high latitudes can be more than a factor of 2. However, t
difference decreases with the increasing particle energy, v
ishing beyond a few GeV. This reflects the effect of the ge
magnetic field. Indeed, the mean primary particle energy
sociated with 1 GeV neutrino production is about 60 G
~see below!, a value at which the effects of the geomagne
cutoff ~GC! are small.

Figure 6 shows that the flavor ratios for low, middle, a
high latitudes are very similar to each other. Thenm / n̄m is
flat through energy range, with its value near about 1.2. H
ne / n̄e decreases steadily from nearly 2 to about 1.2 over
with nm / n̄m at high energy end, while (nm1 n̄m)/(ne1 n̄e)
rises up steeply above about 3 GeV. Large difference
ne / n̄e from the previous works is seen here~see@9,11# for
comparisons!.

These features can be easily understood in terms of
production ofp1(K1) andp2(K2) and of the muon kine-

,
FIG. 9. Rank distribution of the neutrino producing collisions

the atmosphere. See text for details.
2-7
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matics. The ratione / n̄e is principally controlled by the ratio
of p1(K1) to p2(K2). The ratio (nm1 n̄m)/(ne1 n̄e) is
sensitive to the muon decay kinematics. The variation
nm / n̄m with energy is thus determined by bo
p1/p2(K1/K2) production ratios and the muon decay k
nematics. Because of the Lorentz time dilation, more hig
energy muons do not decay while crossing the atmosph
Hence, thene( n̄e) production~resulting from muon decay! is
lesser than fornm( n̄m), since anm has been produced i
association with them in the p decay, resulting in a (nm

FIG. 10. Zenith angle distribution of the neutrino flux~top! and
of the flavor ratios~bottom!, in the indicated energy bins and for th
indicated flavor, for low geomagnetic latitudes (u lat,0.5 rad), and
averaged over 4p solid angle. Here, the zenith angle is defined su
that cosu51 corresponds to the downward direction.
07302
f
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1n̄m)/(ne1n̄e) ratio rising up with the neutrino energy.
Here, two points should be noted. First, thene / n̄e ratio at

low energy should be expected to be larger since the lar
production ratio ofp1/p2 is at low incident CR energy~see
@53#, for example!. Second, thene / n̄e ratio should decrease
to overlap withnm / n̄m at high energy with their values ap
proaching to 1.0. This is because at high incident prim
energy, the production ratio ofp1/p2 and K1/K2 ap-
proaches to 1.0@54#, and most of the high energy muon
from which the high energyne and n̄e come will not decay
before reaching the detection sphere. So thenm flux is domi-
nated by thep1 decay while then̄m flux is dominated byp2

decay. And hence, at very high energy,

h

FIG. 11. Same as Fig. 10 for the geomagnetic latitudes
,u lat,1.
2-8
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ATMOSPHERIC MUON AND NEUTRINO FLUX FROM 3- . . . PHYSICAL REVIEW D 67, 073022 ~2003!
ne / n̄e'nm / n̄m'p1~K1!/p2~K2!.

Such characteristics can be seen clearly in Fig. 6.

B. Contribution from the incident CR He flux

The calculated total neutrino flux is compared in the l
of Fig. 7 with the contribution induced by the CR heliu
~He! flux and with the total kaon decay contribution. Th
corresponding flavor ratios are also shown in the same fig
~right panel!, where it is seen that the contribution of the C
He flux to the total neutrino flux is about 10% through t
whole energy range.

FIG. 12. Same as Fig. 10 for the geomagnetic latitudes
,u lat,p/2.
07302
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This contribution is constrained by both the CR He sp
tral abundance and the He-induced pion multiplicity
nuclear collisions. Around 20 GeV per nucleon incident e
ergy, where the neutrino production around 1 GeV is ma
mum ~see discussion below and@15#!, the CR He flux is
about 5% of thep flux, this fraction decreasing slowly with
increasing primary energy. Experimentally, the pion mu
plicity increases with the mass of the projectile according
a known law@46#. For thea1C reaction at 4 GeV/nucleon
it is about 3 times thep1C value at the same incident energ
@44#. These numbers are in qualitative agreement with
10% contribution to the neutrino flux found to arise from t

1 FIG. 13. Azimuth angle distribution of the neutrino flux~top!
and of the flavor ratios~bottom!, in the indicated energy bins an
for the indicated flavor, for low geomagnetic latitudes (u lat

,0.5 rad) and averaged over 4p solid angle. The angle conventio
is f50°,90° for geomagnetic south and east, respectively.
2-9
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LIU, DEROME, AND BUÉNERD PHYSICAL REVIEW D67, 073022 ~2003!
He flux, assuming that the proton-induced helium contrib
tion is small. This result is also consistent with the previo
work on the AMS lepton data by the authors@36#.

The difference between the contributions of CR He to
(ne1 n̄e) and (nm1 n̄m) flux ratios is very small as seen i
the lower left of Fig. 7. For the flavor ratio of the He flu
contributions shown in the middle right of Fig. 7, they ha
a similar energy dependence as the total flux, as it could
expected~top!.

C. Contribution from secondary kaons

At low energies the neutrino flux mostly results fromp
decay in account of the dominance of the pion producti

FIG. 14. Same as Fig. 13 for intermediate geomagnetic latitu
(0.5,u lat,1).
07302
-
s

e

e

.

The kaon decay contribution increases, however, with
creasing incident energy and theK production cross section
and finally dominates the production for very high ener
neutrinos. This is shown in the left of Fig. 7 where the ka
decay contribution to the total neutrino flux~bottom left! is
seen to increase continuously from about 2%–3% at 0.1 G
up to'15% for (ne1 n̄e), and'20% for (nm1 n̄m), above
20 GeV. These results are in agreement with@9,11#.

The energy dependence of the flavor ratio for the ka
decay contribution to the neutrino flux is a little differe
from the averaged value~bottom right panel in Fig. 7!. The
ratio ne / n̄e decreases slowly with increasing energy from 1
at 0.1 GeV down to about 1 at 10 GeV, whilenm / n̄m in-
creases continuously from 0.9 at 0.1 GeV up to about 2.1

s
FIG. 15. Same as Fig. 13 for high geomagnetic latitudes

,u lat,p/2).
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ATMOSPHERIC MUON AND NEUTRINO FLUX FROM 3- . . . PHYSICAL REVIEW D 67, 073022 ~2003!
10 GeV. In contrast with the individual flavor ratios, th
(nm1 n̄m)/(ne1 n̄e) ratio grows rapidly from 1.8 at 0.1 GeV
up to about 5 at 10 GeV. These differences principally res
from theK1 to K2 production ratio being larger than forp1

to p2 @55#.
Another noticeable feature of the kaon decay contribut

is that, below 0.4 GeV neutrino energy, the ratio (nm

1 n̄m)/(ne1 n̄e) is less than 2. This can be understood fro
the K3en decay mode having always larger a branching ra
than theK3mn mode. In particular, forKL

0 , theK3en channel
is the dominant decay mode@48#.

D. Contribution of atmospheric secondaries
to the neutrino flux

The contribution of the atmospheric secondary flux
compared in Fig. 8 with that of the primary component. It
seen that, at 0.1 GeV, about 50% of the neutrinos come f
secondary proton- and neutron-induced reactions, this f
tion decreasing to about 20% at 50 GeV.

FIG. 16. The cumulative~top! and normalized~bottom! primary

proton energy distribution forne1 n̄e ~solid lines! and nm1 n̄m

~dashed lines! production in five energy bins 0.28–0.32, 0.8–1
2.8–3.2, 8.0–12.0, and 20.0–30.0 GeV from the left to the rig
respectively.
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The ratio of the secondary contribution,ne / n̄e , is larger
than for the primary contribution. This is because of t
larger flux of low energy secondaries due to the larg
p1/p2 production ratio at low incident energy.

The distribution of the rank in the cascade of the neutr
producing collision is plotted in Fig. 9@35#. The rank is
defined as the number of collisions taking place before
neutrino is produced. It is 1 when the neutrino is produc
from the incident cosmic ray interaction. The figure sho
that, on the average, about 2.4 collisions occur for the pa
pion or kaon to be produced.

E. Zenith angular distribution and geomagnetic latitude
dependence of the neutrino flux

The zenith angle distributions are shown in Figs. 10,
and 12 for the geomagnetic latitude bins~rad! 0–0.5, 0.5–1,
and 1–p/2, respectively, and for several energy bins betwe
0.1 and 10 GeV.

The figures show that the zenith angle distributions
downward going neutrinos (cosu.0) have about the sam
shape for all the energy bins, while for upward going neu
nos, they display quite different shapes for the low ene
bins, showing~a! a clear maximum for low latitudes,~b! a
flat shape at middle latitude, and~c! a deep minimum at high
latitudes. This can be understood by considering the follo
ing two particular cases:~1! For a detection point at the nort
pole, the (p/4) zenith angle cosu;21/A2 points to particles
coming from the equatorial region where the geomagn
cutoff for CR particles is highest. The neutrino flux is the
expected lower for this angle. This effect is more sensit
for the low energy region of the neutrino spectrum.~2! Con-
versely, for a detection point at the equator, the zenith an
cosu;2A2/2 points to particles coming from the poles~al-
though for a narrow azimuthal angle region only! where the
GC is minimum and hence the observed neutrino flux
expected larger around this angle.

The zenith angle dependence of the flavor ratios is mo
lated clearly by thep1/p2 production ratio, GC, and the
muon decay kinematics. Interestingly, in low energy bins,
ne / n̄e dependence on the zenith angle displays a similar
havior as observed for the flux. In addition to its depende
on the GC, this feature is also related to the pion multiplic
Because the production ratio forp1 to p2 is larger below
10 GeV@47#, the incident CR flux within this energy range
which contributes a large fraction of low energy neutrinos
very sensitive to the GC, and hence thene / n̄e changes ac-
cordingly with the geomagnetic latitude and zenith angle

The nm / n̄m distribution is flat in low energy bins but be
haves similarly as (nm1 n̄m)/(ne1 n̄e) at high energies. For

,
t,
ergy

0

TABLE III. Mean incident kinetic energy in GeV of the CR protons producing neutrinos in the en
bins En .

En (GeV) 0.1–0.2 0.28–0.32 0.8–1.2 2.8–3.2 8.0–12 20–30 0.1–3

^Ep&ne1 n̄e
30.1 37.1 57 102 220 405 39

^Ep&nm1 n̄m
31 39 64 120 271 498 43
2-11
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TABLE IV. Mean neutrino energieŝEn& produced by CR protons within kinetic energy binsEp . Neu-
trinos with energy below 0.05 GeV are not included in the average.

Ep (GeV) 0.2–10 10–30 30–50 50–200 200–500 500–2000 0.20–20

^Ene1 n̄e
& 0.25 0.40 0.52 0.67 0.93 1.14 0.42

^Enm1 n̄m
& 0.25 0.40 0.56 0.81 1.36 2.19 0.48
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both the downward and upward flux, it is expected that

nm / n̄m ratio approaches asymptotically thep1/p2 produc-
tion cross section ratio at the limit of infinite muon lifetim

The (nm1 n̄m)/(ne1 n̄e) ratio displays a clear dependen
on the zenith angle, with a symmetric up-down distributio
increasing from a minimum around the horizontal directi
to a maximum for vertical incidences, the larger the ene
bin, the more dramatic being the variation. This is beca
muons coming in horizontal directions have long pa
lengths in the atmosphere and then enough time to de
producing anm2 n̄m pair and ane( n̄e) for each pion decay
The situation is different for muons moving downward
upward, since the flight path available is much shorter.
this case, a fraction of high energy muons do not decay
fore reaching Earth and then do not contribute to thene( n̄e)
flux, wherefrom a larger (nm1 n̄m)/(ne1 n̄e) ratio. The larger
the muon energy, the larger the effect.

F. Azimuth angle distributions and geomagnetic
latitude dependence

The azimuth angle distributions of the neutrino flux a
of the flavor ratios are shown in Figs. 13 to 15 in bins
neutrino energy~0.1–0.3, 0.3–1, 1–3.1, 3.1–10 GeV! and
for three bins of geomagnetic latitude~in absolute value!:
0–0.5, 0.5–1, and 1–p/2 rad, respectively.

It can be observed in these figures that the azimuth a
distributions display a significant dependence on the latit
considered. For low geomagnetic latitudes~Fig. 13!, the dis-
tributions are dominated by two peaks located symmetric
at the east~E! and west~W! azimuth angles, but with differ-
ent heights. These latter features are clearly related to
dipole nature of the Earth magnetic field for the E and
peaking and to the GC for the EW asymmetry. It is also s
that the EW asymmetry decreases as expected with the
creasing energy.

For intermediate geomagnetic latitudes~Fig. 14!, the west
peak appears dampen and wider compared to low latitu
while the east peak is even fainter and disappears in the
energy bins. The two-peak pattern reappears with ne
equal heights at high latitude~Fig. 15!. This latter symmetry
was expected since the GC disappears in the polar regio
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For the azimuth angle distributions of the flavor ratios,

can be noted that thene / n̄e ratio is strongly EW asymmetric
with a broad enhancement on the west side at low and in
mediate latitudes. The opposite trend is observed for

nm / n̄m ratio, while the (nm1 n̄m)/(ne1 n̄e) ratio is found to
be almost structureless at all latitudes.

The reason for these features is similar to that of zenit
angle dependence. The latitude dependence of the zenith
azimuth angle distributions reflects the characteristic of
geomagnetic field and reminds us that an appropriate tr
ment of the geomagnetic field is required to account for
upward-going muon event data and for the east-west as
metry. Besides, detailed simulation for detectors at differ
locations is needed to provide a sensitive investigation of
geomagnetic dependence of the measurements.

G. Cosmic ray parent proton energy distributions

The incident CR proton energy distribution inducing t
neutrino flux is shown in Fig. 16 for neutrino energie
around 0.3, 1, 3, and 10 GeV. The distributions are given
ne1 n̄e andnm1 n̄m . They are averaged over the whole d
tection sphere and 4p solid angle and presented as cumu
tive probabilities for neutrinos within the energy bins to
produced by protons with an energy below the value given
abscissa and energy distributions normalized to 1.

At variance with the results of@18#, the mean energy o
the primary proton flux producing 0.3 GeV (ne1 n̄e) ob-
tained in these calculations appears to be hardly smaller
for (nm1 n̄m) in the same energy bin. The difference b
comes larger with increasing energy, however. The mean
ues of the proton distributions of the figure are given in Ta
III.

Table IV gives, for comparison, the mean energy of t
(ne1 n̄e) and (nm1 n̄m) neutrino spectrum produced by pro
tons within the indicated energy bins. The mean neutr
energy value is found to be smaller for (ne1 n̄e) than for
(nm1 n̄m) for the higher energy bins of the incident proton
This is consistent with the fact that in the decay chainp6

→m61nm( n̄m), m6→e61ne( n̄e)1 n̄m(nm), the ne( n̄e)
particle shares the energy of decayingm6 which momentum
TABLE V. Mean neutrino production altitudes~km! corresponding to different neutrino energy bins.

En (GeV) 0.1–0.2 0.28–0.32 0.8–1.2 2.8–3.2 8.0–12 20–30

^Alt ne1 n̄e
& 18. 18.5 18.3 17.1 16.1 15.3

^Alt nm1 n̄m
& 18.1 19 19.6 19.6 19.3 19.1
2-12
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FIG. 17. Cumulative~left! and normalized~right! ne1 n̄e andnm1 n̄m production altitude distributions, for different neutrino energy bin
averaged over the whole detection sphere and 4p solid angle.
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is equal to that of the firstnm( n̄m) in p6 center-of-mass
frame withe6 and anothern̄m(nm). The energy-momentum
conservation implies that thene( n̄e) energy is on the averag
smaller than the mean energy of the twon̄m(nm).

In Fig. 16, it is seen that low energy primary proto
contribute more to (ne1 n̄e) than to the same energy (nm

1 n̄m) production. This is easy to understand if we note t
higher energy muons which are produced by higher ene
primaries on the average do not contribute to electron n
trinos, but accompany them; a muon neutrino has been
ated in pion decay. Even at low energy, this process
happen near the detection surface, and so the mean pri
proton energy for muon neutrino production is raised up.

H. Neutrino production altitudes

The distribution of the neutrino production altitude
plotted in Fig. 17, where about 90% neutrinos appear to
produced between 5 and 40 km altitude, with the most pr
able production altitude being within the 15–20 km rang
These numbers are consistent with the previo
1-dimensional analysis@56#. Below a few kilometers, the
production distribution tends to flatten, governed by the
sorption rate, while beyond 40 km, it drops following th
atmospheric density profile.
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FIG. 18. Average collision altitude of theNth collision versus

collision numberN.
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FIG. 19. Cumulative~left! and normalized~right! ne , n̄e , nm , and n̄m flying distance distributions, for different neutrino energy bin
averaged over the whole detection sphere and 4p solid angle.
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Table V lists the average production altitudes correspo
ing to different neutrino energy bins. The average elect
neutrino production altitude appears to be a little below t
of muon neutrinos, because muons can fly over a cer
distance—on the km scale for the energies considered he
before decaying into electrons.

The distribution of the altitude where the first interacti
of the incidents CRs with atmosphere takes place was fo
to have a mean value of about 26 km on average, 23 km
nearly vertical (0.9<cosu<1.0 at the first collision point!,
and 38 km for nearly horizontal (0.0<cosu<0.1 at the first
collision point! CRs, with no other selection cut than a pr
duced neutrino reaching the detection sphere eventually

Figure 18 shows the distribution of the averaged altitu
at which theNth collision occurs in the neutrino-producin
reaction chain as a function of the numberN of the collision.

It can be observed that, on the average, the second c
sion takes place around 19 km and the third collision aro
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15 km. In addition, below 4 km altitude, there is almost
meson producing collision because the initial CR energy
been damped through the cascade and most particles
duced below this altitude are below the pion producti
threshold.

I. Neutrino flying distance

Figure 19 shows the distribution of the neutrino flyin
distance between production and detection point. The dis
butions of the mean values as a function of the cosine of
zenith angle are plotted in Fig. 20 for four neutrino ener
bins and for the four neutrino flavors. These distributions
very similar to those obtained in@57#.

The degeneracy of the curves shown in Fig. 20 for
four flavors can be easily understood by looking at Fig.
and Table V; the scales of the peak production altitude
the difference of the production altitude for different flavo
i-

30
TABLE VI. Mean neutrino production angle~deg! relative to the CR particle direction at the first coll
sion, for different neutrino energy bins.

En (GeV) 0.1–0.2 0.28–0.32 0.8–1.2 2.8–3.2 8.0–12 20–30 0.1–

^uCR2(ne ,n̄e)& 28.3 16.7 7.3 3.2 1.4 0.69 20.2
^uCR2(nm ,n̄m)& 27.7 15.7 6.6 2.7 1 0.46 19.1
2-14
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are so small in comparison with the Earth diameter that it
be negligible.

J. 3-dimensional effects

The normalized distributions of angles between the dir
tions of the incident CRs at the first collision and of t
neutrinos in the end of the reaction chain, averaged over
whole detection sphere and 4p solid angle, are plotted in
Fig. 21 for three energy bins.

The mean values corresponding to the different ene
bins are listed in Table VI. These values indicate that
3-dimensional effects are not important for GeV neutrin
which is consistent with the general expectation and the
sult reported in@26#.

The mean angles between the momenta of~1! the incident
CR proton~at the first collision! and the pion-producing sec
ondary proton~at thenth collision in the cascade!, ~2! the
incident proton~called the pion parent! and the produced
pion in the production collision~production angle!, and ~3!
the muon parent (p or K) and the produced muon are give

FIG. 20. Mean flying distance versus the zenithal angle dis

bution ofne , n̄e , nm , andn̄m , in the indicated energy bins~GeV!,
averaged over the whole detection sphere.
07302
n

-

he

y
e
,

e-

in Tables VII and VIII for different neutrino energy bins
From these numbers it appears that large deviations of
particle directions occur at the pion production level a
only at low energy.

The deflection of the charged particles by the geom
netic field has also been examined. The largest deflectio
undergone by the primary proton between the genera
point and the first collision point~which depends on the gen
eration radius!. The pion deflection angle is negligible o
account of its short lifetime, while for muons it is less tha
4°.

Hence, it is confirmed that the 1-dimensional approxim
tion used for GeV neutrinos in the previous calculations a
simulations@5,8,9,11,12# was an acceptable approximation

i-

FIG. 21. Normalized distributions of neutrino production ang
relative to the direction of the incident CR proton at the first co
sion, for three neutrino energy bins~GeV!: 0.28–0.32, 0.8–1.2,
2.8–3.2.
30
TABLE VII. Mean angles between muons, pions, and their parent particle (p,n,K) and between the

parent particle and the incident CR for different energy bins ofne( n̄e) (deg).

Ene( n̄e) (GeV) 0.1–0.2 0.28–0.32 0.8–1.2 2.8–3.2 8.0–12 20–30 0.1–

^uCR2p6par& 4.98 2.90 1.22 0.57 0.32 0.26 3.56
^up6par2p6& 24.28 14.09 5.88 2.33 0.85 0.40 17.28

^ūm6par2m6& 3.73 1.95 0.72 0.30 0.26 0.25 2.55
2-15
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TABLE VIII. Same as Table VII for different energy bins ofnm( n̄m).

Enm1 n̄m
(GeV) 0.1–0.2 0.28–0.32 0.8–1.2 2.8–3.2 8.0–12 20–30 0.1

^uCR2p6par& 5.33 2.91 1.18 0.54 0.30 0.26 3.89
^up6par2p6& 23.96 13.41 5.36 1.99 0.66 0.32 16.4
^um6par2m6& 4.00 2.12 0.79 0.30 0.26 0.25 2.73
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V. NEUTRINO FLUX AROUND THE
SUPER-KAMIOKANDE DETECTOR

In this section, the features of the atmospheric neutr
flux at the geographical position of the Super-Kamiokan
~SuperK! detector are investigated. The detection sphere
defined at 0.372 km altitude, and within (36 °258339
67.5°)N and (137°188379615°)E latitude and longitude
bins respectively.

A. Flux and flavor ratio

The calculated energy distributions of the atmosphe
neutrino flux and then/ n̄ flux ratios around the SuperK de
tector, averaged over 4p solid angle, are compared with th
results of Hondaet al. @9,11# in Fig. 22, for the various fla-
vors. The flux obtained in the present work appear to
significantly smaller than in the 1-dimensional calculatio
for low neutrino energies.
07302
o
e
as

c

e
s

The values of the simulated 0.1–20 GeV neutrino flux
the location of the Super-Kamiokande experiment are ta
lated in Table IX. These spectra can be fit by means of
function form

f ~En!5c1@1.01c2 exp~2c3En!#En
c4 ~1!

very nicely, wheref (En) is the flux,En the neutrino energy,
and c1 , c2 , c3, and c4 are fitting parameters given in
Table X.

The functional form is inspired from@46#, carrying some
features of the hadroproduction of pions and kaons.

For the flavor ratios, our (nm1 n̄m)/(ne1 n̄e) is similar to
that reported in@9,11#, butne / n̄e differ evidently from all the
previous 1-dimensional calculations summarized in Fig.
of @11#.

From Figs. 1 and 4, it can be observed that the posi
muon flux is overestimated in our simulation, which subs
FIG. 22. Simulated atmospheric neutrino spectra and flavor ratio around Super-Kamiokande detector.
2-16
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TABLE IX. Neutrino flux calculated for Super-Kamiokande experiment location.

Flux (m22
•s21

•sr21
•GeV21)

En (GeV) ne n̄e
nm n̄m

0.100–0.124 2948684 1780659 52296103 4915699
0.124–0.153 2078653 1324645 3677668 3629680
0.153–0.189 1595650 892629 2771663 2569648
0.189–0.233 1023630 702629 1875640 1853640
0.233–0.289 774628 485619 1260627 1266627
0.289–0.357 503615 335610 909620 901621
0.357–0.441 325612 23868 649617 610614
0.441–0.545 21868 16267 450615 38969
0.545–0.674 14065 11365 29169 26867
0.674–0.833 9966 7063 18565 18365
0.833–1.029 5462 4262 12565 11464
1.029–1.272 3361 2661 7262 7062
1.272–1.572 2762 1861 4662 4662
1.572–1.943 13.160.8 1362 2961 2661
1.943–2.402 8.860.6 5.760.5 2062 17.460.8
2.402–2.969 4.160.3 3.960.4 9.760.4 10.160.4
2.969–3.670 2.460.2 1.860.2 6.460.4 5.560.3
3.670–4.537 1.260.2 1.160.1 3.860.2 3.160.2
4.537–5.608 0.7960.08 0.5460.05 2.260.1 3.160.7
5.608–6.931 0.3560.04 0.2760.03 1.1460.07 1.260.1
6.931–8.568 0.1960.02 0.1960.04 0.5560.04 0.7260.06
8.568–10.59 0.1260.03 0.2260.07 0.4760.03 0.3260.02
10.59–13.09 0.03360.005 0.03660.005 0.1760.01 0.15860.009
13.09–16.18 0.03560.006 0.02260.004 0.10360.007 0.08660.007
16.18–20.00 0.01360.003 0.00960.002 0.04660.004 0.04060.003
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quently raises thene / n̄e ratio. This observation can explai
partially the large difference observed.

However, as explained at the end of Sec. IV A, it is b
lieved that the tendency of decreasingne / n̄e with the in-
creasing energy should be expected because of the cons
on thep1/p2(K1/K2) ratio imposed by the relevant data

B. Zenith angle distribution

The zenith angle distribution of the flux and of the flav
ratios are shown in Fig. 23, where the enhancement of
flux in horizontal directions discussed in Sec. IV E is o
served, in qualitative agreement with@24#. In the low energy
bin, the maximum of this enhancement is about twice
downward- or upward-going flux out of the horizontal pla

TABLE X. Parameters used to fit the simulated neutrino spe
around the Super-Kamiokande detector.

Particle c1 c2 c3 c4

ne 89.92 21.043 0.776 22.99

n̄e
60.47 21.056 0.935 22.88

nm 198.4 21.029 0.744 22.82

n̄m
201.3 21.031 0.674 22.88
07302
-

aint

e
-

e

in the low energy bin. Again, it can be seen in the figu

~right panel! that the flavor ratio (nm1 n̄m)/(ne1 n̄e) also
depends on the zenith angle, especially for high energy n
trinos, for the same reason as given previously.

C. Azimuthal angle distribution

The azimuth angle distribution of the flux and of the fl
vor ratios are shown in Fig. 24 for the four neutrino speci
The large angular binning used in the figure was dictated
the low counting statistics obtained, even for very long co
puter time used for running the simulation program. T
east-west effect discussed previously in Sec. IV F is clea
observed here, more prominent for low energy neutrin
The EW asymmetry discussed below has been estimate
the basis of these distributions.

D. Estimate of the east-west asymmetry

In addition to the atmospheric muon flux, the EW asy
metry measurements provide an important global test of
reliability of the overall approach. Since muons are charg
particles, having finite lifetime, and losing energy durin
their flying in the atmosphere, while neutrinos have none
these features, these differences make the relation betw
muon and neutrino flux a complicated issue@13#. However,

a
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the EW asymmetry is independent of physics beyond
standard model and is not expected to depend on the neu
mass or oscillations. A reliable simulation should thus
able to reproduce the experimental EW asymmetry d
quantitatively.

For the asymmetry parameterAEW defined as

AEW5
NE2NW

NE1NW
,

NE (NW) being the number of eastward~westward! lepton
events, the SuperK Collaboration reported the followi
measured values:

FIG. 23. Zenith angle distribution of the calculated neutrino fl
and of the corresponding flavor ratios around the Sup
Kamiokande detector.
07302
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AEW
e-l ike50.2160.04, AEW

m-l ike50.0860.04,

for e-like and m-like events, respectively, for a selection
single-ring events with momentum between 0.4–3 GeV a
20.5<costzenith<0.5, with tzenith being the zenith angle.

In order to obtain the AEW value precisely, the
3-dimension differential neutrino reaction cross sect
@58,59# needs to be known. The asymmetryAEW however
could be estimated by using the following procedures.

~1! Evaluate the energy of the neutrinos which can indu
lepton events over the same range as selected by Sup
i.e., 0.4–3 GeV. The leptons with momentumpl
;100 MeV/c appear to carry 65% of the incident neutrin
energy; this proportion increases to;85% for pl

r-

FIG. 24. Simulated azimuth angle distribution of the neutri
flux and of the flavor ratios around the SuperK detector.
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TABLE XI. Neutrino flux calculated for the SOUDAN experiment location.

Flux (m22
•s21

•sr21
•GeV21)

En (GeV) ne n̄e
nm n̄m

0.100–0.124 62226240 33446163 109676313 94536257
0.124–0.153 43386175 2283697 71546194 66046188
0.153–0.189 26986100 1674683 50786159 48726154
0.189–0.233 1738671 997649 33446110 32546110
0.233–0.289 1200647 860662 2062660 2124678
0.289–0.357 771632 623645 1396653 1397652
0.357–0.441 488626 361619 936632 876636
0.441–0.545 333620 214613 628628 595631
0.545–0.674 212615 163621 359615 352615
0.674–0.833 12269 9267 231610 234612
0.833–1.029 7366 6064 14566 13867
1.029–1.272 4863 3463 8064 9266
1.272–1.572 2863 1962 5263 4963
1.572–1.943 1361 1062 3062 3264
1.943–2.402 961 6.160.7 1961 1761
2.402–2.969 4.460.5 3.560.5 9.960.7 11.160.9
2.969–3.670 3.460.5 1.560.2 5.560.5 6.460.6
3.670–4.537 1.660.3 0.960.1 3.660.3 3.360.4
4.537–5.608 0.5360.08 0.4960.08 2.060.2 1.560.2
5.608–6.931 0.4460.07 0.4360.09 1.160.1 0.960.1
6.931–8.568 0.1660.03 0.1260.02 0.5860.05 0.660.1
8.568–10.59 0.1060.02 0.0860.02 0.3260.03 0.2960.03
10.59–13.09 0.03160.007 0.0460.01 0.2060.02 0.1660.02
13.09–16.18 0.01760.004 0.01260.004 0.1060.01 0.0960.01
16.18–20.00 0.01660.005 0.02260.009 0.05360.006 0.03760.005
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51 GeV/c @1#. It can be assumed that the fraction keeps
increasing and asymptotically tends to 100%. Based on
supposition, the corresponding neutrino energies of ab
0.55 and 3.1 GeV associated with the 0.4 and 3 GeV lep
events are obtained respectively.

~2! Estimate the production angle of the neutrino induc
lepton. This can be done following@21#, by noting that the
interested neutrino energy range is above 0.5 GeV wit
which there is no large difference between the product
angles ofne and nm events. Another way is by using th
values 55° atpl50.4 GeV/c and 20° atpl51.5 GeV/c as
reported in@1#, and fit them as a function of the neutrin
energy, assuming that the angle smoothly tends to zer
expected from basic kinematics.

~3! For each neutrino with energy between 0.55 and
GeV, lepton events are randomly generated with the sca
ing angle relative to the neutrino direction estimated
above and with a uniform distribution for the azimuth ang
After weighting by the energy-dependent cross sect
@28,60,61# and application of a normalization procedure, t
events withucos(ul)u<0.5 are selected to calculate the asy
metry parameter.

Using the above procedure, the following values are
tained for the EW asymmetry parameters fore-like and
m-like events around the Super-Kamiokande detector:
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AE-W
e-l ike50.1260.03, AE-W

m-l ike50.1360.02.

In contrast, the EW asymmetries obtained for the tw
neutrino flux with the same cut over the zenithal angle a
within the same energy bin of@0.55,3.1# GeV are

AE-W
ne1 n̄e50.1760.03, AE-W

nm1 n̄m50.2260.02,

which shows that the predicted neutrino asymmetry is larg
washed out by the angular distribution of the neutrino
duced lepton production process.

The larger EW flux asymmetry obtained fornm( n̄m) than
for ne( n̄e) can be qualitatively understood: The producti
of ne( n̄e) takes place in the second step of the pion de

TABLE XII. Fitting parameters for simulated neutrino spect
around the SOUDAN detector.

Particle c1 c2 c3 c4

ne 105.0 21.034 0.869 23.12

n̄e
63.9 21.069 1.235 22.99

nm 143.0 20.970 1.859 22.67

n̄m
362.2 21.021 0.416 23.16
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FIG. 25. Simulated atmospheric neutrino spectra and flavor ratios around the SOUDAN detector.
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chain. The decay kinematics should thus wash out the
asymmetry of electron neutrinos more than for muon neu
nos which are produced dominantly in the first stage of
decay sequence.

In comparison with the data@20# and other simulation
results@21#, the present calculations depart further from t
data. It can be noted that the present overestimated rat
p1/p2 may affect this prediction. More work is still neede
to clear up this problem.

VI. NEUTRINO FLUX AROUND
THE SOUDAN EXPERIMENT

The same calculations for the simulated atmospheric n
trino flux around the SOUDAN detector as for the Super
experiment in the previous section are reported in this s
tion. The normalization area used in the calculations co
sponds to the geographical latitude and longitude bin
(48°65 °)N and (98°610°)W, respectively. The altitude i
taken the same as for Super-K, as we have seen from Fig
the error resulting from the altitude difference betwe
Super-Kamiokande and SOUDAN detector should be ne
gible in evaluating the flux and relevant distributions.

A. Flux and flavor ratio

The energy spectra and energy dependence of flavo
tios, averaged over a 4p solid angle, are shown in Fig. 25
Due to the relatively high geomagnetic latitude of t
07302
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a-

SOUDAN detector location, and hence to the lower geom
netic cutoff, the calculated neutrino flux are much high
than found for Super-K.

Also, the 0.1–20.0 GeV neutrino energy spectra simula
for the SOUDAN experiment site are tabulated in Table X
They can be fit with the same functional form@relation~1!#.
The coefficients are listed in Table XII.

B. Zenith angle distributions

The calculated zenithal angle distributions are shown
Fig. 26, for the same energy bins as previously, where
high geomagnetic latitude feature of such a distribution illu
trated in Sec. IV E is evident.

C. Azimuth angle distributions

Figure 27 shows the azimuth angle distributions of t
atmospheric neutrino flux around the SOUDAN detect
based on which the EW asymmetry parameter for neutr
flux and lepton events in the detector are also estima
along the same lines as for the Super-K experiment.

The EW asymmetry for the lepton events is predicted

AE-W
e-l ike50.00660.037, AE-W

m-l ike50.02660.024,

while for the neutrino flux the following values are obtaine
2-20
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AE-W
ne1 n̄e50.06860.043, AE-W

nm1 n̄m50.07160.025,

with the same selection criteria as used for Super-K in
previous section. It would therefore be of great interest
have some experimental values for this experiment to p
vide a further test the present approach and a step forwa
a better global understanding of the problem.

VII. CONCLUSION AND DISCUSSION

In summary, the atmospheric neutrino flux has been sim
lated by means of an event generator dedicated to the ge
cosmic ray–atmosphere interactions, developed to acc
for the AMS01 results, originally. The successful calcu

FIG. 26. Zenith angle distributions of the simulated neutri
flux and flavor ratios around the SOUDAN detector.
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tions reported previously on the hadron and lepton flux cl
to Earth strongly support the method and the models use

In this work, the CAPRICE and HEAT muon flux dat
measured at various altitudes in the atmosphere, from a
sea level to 38 km, have been successfully reproduced,
viding further grounds to the correctness of the approach

A significantly lower absolute value of the flux than foun
in 1-dimensional calculations@9,11# in the low energy range
has been reported here. Also, thene / n̄e ratio is largely dif-
ferent from all the previous calculations. In addition, t
present results are in agreement with similar results repo
in @23#.

Detailed features of the neutrino flux—zenithal and a
muthal angle distribution and flavor ratios at different la

FIG. 27. Azimuth angle distributions of the simulated neutri
flux and of the flavor ratios around the SOUDAN detector.
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tudes, corresponding energy distributions, production a
tude, and production angle distributions—have be
calculated and discussed. The components originating f
cosmic rays and from the atmospheric cascade have
distinguished and discussed separately. All the observed
tures of the calculated flux could be traced back to the
mary spectra,p1/p2(K1/K2) ratio, muon kinetics, geo
magnetic effect, and geometry.

Specific 3-dimensional effects seen in the simulation
sults are very small, which indicates that the 1-dimensio
approximation provides reliable results for GeV neutrino fl
calculations.

The calculations fail to reproduce quantitatively the ea
ev

D

v,

ys

s

-

nd

s
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west asymmetry of the atmospheric neutrino-induced eve
in the Super-K detector. More investigations are needed
understand this disagreement.

A complete comparison of the parametrizations used
describe the various hadronic production channels with
available data will be reported in detail later.
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