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Atmospheric muon and neutrino flux from 3-dimensional simulation
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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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[. INTRODUCTION general purpose software based on theoretical models may
largely depart from experimental data.

With the rapidly increasing amount and statistical signifi-  Although the values of the flavor ratio reported in previ-
cance of the data collected by underground neutrino dete@us works are very close to each other, the absolute values of
tors[1,2], the precise calculation of the atmospheric neutrincthe flux obtained in these works fail to be consistent with
flux is highly desirable, since the interpretation of the dataeach other within satisfying precisiofl5]. In particular,
relies on the calculated flux as a fundamental input. In thehese results seem not to predict quantitatively the observed
contained events analysis, the ratio of ratios—namely, theast-westEW) asymmetry of the neutrino induced events
ratio of the observed number of muon events to the numbei20,21] which is expected to originate from the EW asym-
of observed electron events with the corresponding ratio ofnetry of the geomagnetic cutafC) on the incoming CR—
the same numbers from simulation calculations—is not senmainly protons and helium particles here—momentum, due
sitive to the absolute neutrino flux. However, in the analysiso Earth’s magnetic field. Any calculation, to be reliable,
of upward going muon events, the absolute flux need to benust reproduce the experimental EW asymmetry since flavor
known accurately in addition to the detailed features of theoscillations do not change the direction of motion. This re-
flux such as the zenithal and azimuthal angle distributioryuirement can be taken as a testing ground for the various
[3,4]. The availability of calculations of proven validity approaches of the neutrino flux calculations.
would discard all possible doubt on the conclusions. With the occurrence of the new measurements of the pri-

In the past 20 years, various methods including analyticalmary CR flux, together with the continuous improvement of
semianalytica[5,6], kinematical[7], and Monte Carlo tech- the cross section calculations, most approaches have been
niques[8,9] have been applied to calculate the atmospherizipdated[18,22—23, and new calculations have been pro-
neutrino flux[5,8—12. However, the accuracy of the results posed[26—-30. In parallel, experimental groups also made
was limited by the accuracy on both the cosmic (@R) greater effort aiming at understanding the neutrino produc-
abundance and the production cross section of the paretibn process in the atmosphej@l—33 with the measure-
particle (= ,K*,K° K in the collisions of CRs with at- ments on the muon flux at various altitudes, together with
mospheric nuclei over the relevant energy ran@8,14, those of the primary proton and helium flux. These new data
used in these calculations, these two quantities being basprovided a sounder testing ground for the reliability of the
inputs to the calculations. The analysis and the comparisonsumerical approaches to the particle production and to the
made in[15] indicated that the particular choice of the pri- particle dynamics and kinematics in the atmosphere and in
mary spectra and the strong interaction model, as well akarth’s geomagnetic field.

Earth’s geomagnetic field could result in significant differ- The work reported here is an extension of a research pro-
ences in the calculated neutrino flux. gram which primary motivations were to interpret the

The new AMS[16] and BESY17] measurements of the AMS01 measurements of the charged particle flux in near
CR proton flux consistently agree to within 5%. The valuesEarth orbit[16,34]. To this purpose, an event generator de-
reported are lower than those used in the previous works bgcribing the CR-induced cascade in the atmosphere, particle
about 20%-25%[18]. In addition, some analysegl9] propagation in geomagnetic field, and interactions with the
showed that the pion production cross sections given by thmedium has been developed and successfully used to repro-

duce the protori35], electron-positror{36], and helium 3
[37] flux data measured by AMS and their relevant depen-
*Present address: MS 309, FermiLab, P.O. Box 500, Batavia, lldence on the geomagnetic coordinates. Sinceethgenera-
60510. Electronic address: yongliu@fnal.gov tor of the program was basically the same as needed to gen-
"Electronic address: derome@isn.in2p3.fr erate the muon and neutrino flux, the code could be rather
*Corresponding author. Electronic address: buenerd@isn.in2p3.8traightforwardly extended to describe the latter and to ad-
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dress the important issue of the atmospheric neutrino flux. Isimple force law approximatiof40]. The main components
should be emphasized that the present approach allows aii the incident CR flux are usually divided in the following
evaluation of the neutrino flux induced by both the primarymost abundant groups of elemenps:He, CNO, Ne-S, and
CR flux and the atmospheric secondary flux, which havere. The contribution of each group to the neutrino flux scales
been tested sensitively and independently on other obseryoughly with the producip((z)) u(7) with ¢((z)) the CR
ables, conferring to the results a character of sound reliabilyhundance of the element or group of elements with mean
ity. The abpve issues will be discussed in detail below. Th'%lectric charggz), and u() the average multiplicities of
approach is also being successfully applied to the calculatiogiong produced in the CR collisions with atmospheric nuclei.
of the atmospheric secondary flux of antinucle{8]. This is approximate since secondary protons induced by the
d ino flux. Th ) ved as foll He component also contributing to this production are not
MUON and neutrino iux. the paper IS organized as 10loWS, o into account in this product. Table | shows the relative
In Sec. Il, the method and models used in the calculations are

introduced. Section Il is devoted to the results on the muorﬁ’ibundalnCeS of the estimated pion flux induced by the various

flux. In Sec. IV, the properties of the calculated neutrino fluxComponents of the CR flux. They have been evaluated using

averaged on the whole terrestrial sphere are discussed, Whﬁ%e AMS measurements fprand He and those frofi1] for

the properties of the local neutrino flux calculated at the lo-tN€ heavier elements with the spectral index frjgtg]. The

cation of the Super-Kamiokande detector are discussed ifiix has been calculated for particle rigidities above a geo-
Sec. V. In the following Sec. VI the neutrino flux at the Mmagnetic cutoff of 10 GV. The pion multiplicities were taken
Soudan detector location is discussed along the same line§0m [43,44] at 4.2 GeVLt per nucleon. The sum of the con-
Summary and conclusions are given in Sec. VII. tributions from theA>4 flux components amounts to about
6%, while it is 72% forp and 22% for He. This choice for
the GC maximizes the Heand heavier elementsver thep
Il. METHODS AND MODELS fraction, which would be smaller for a lower cutdthe He
The method of calculation and the models used in thdraction would be around 10% for no cutpffhe A>4 com-
simulation program are described[85,36). The calculation ~Ponents of the CR flux were not taken into account in the
proceeds by means of a full 3D-simulation program. ThePresent calculations. They will be included in the further
main features of this approach are listed below for the readdevelopments of the code.
er's convenience, with emphasis on some particular points (3) Particle propagation: Each particle is propagated in the
relevant to the neutrino and muon flux. geomagnetic field and interacts with nuclei of the local at-
(1) CR generation: Incident cosmic rays are generated omospheric density. The specific ionization energy loss is
a virtual sphere chosen at some distance from Earth as disemputed for each step along the trajectory. The model used
cussed below. Events are generated randomly and uniformiy describe the atmospheric density was taken from Ref.
on this sphere. In order to get an isotropic flux at any poin{45]. Every secondary particle is processed the same way as
inside the volume of the virtual sphere, the differential ele-jts parent particle, leading to the generation of atmospheric
ment of the zenith angle distribution of the particle directioncgscades.
generated on the sphere must be proportional 10 (4) Secondary particle production: Nucleons, pions, and
cost,d(cosd,), 0, being the zenithal angle of the particle kaons are produced with their respective cross sections. For
[11,22 (see alsd24]). The particle & andZ) and its mo-  (hese particles the Kalinovsky-Mokhov-NikititKMN) pa-
mentum are then generated according to the CR abundancggyetrization of the inclusive cross sectidd$] was used.
a.nd spectra discussed below. Genera}tlng randqm events orn-g, pions the KMN parameters have been fit on a wide range
o e oo, 1 P A7 data between 1.3 and 400 Gevicden
9 9 gligioie, so € “homenta [19,47. Leptons—electrons, muons, and

flux is isotropic, would imply a very large distance from Utrinos—are produced in the decav chains of Mesons
Earth and thus the generation of a tremendous number i . P . y '
IJ_nalnly pions and kaons, hadronically produced on atmo-

events, most of them being useless for the simulation pu d o i
pose since they would not reach the Earth-atmosphere sy§pherIC nucleiA in pracesses of typeLR+A—M+X, M

tem. Instead of this time consuming direct method, the gen—x+v, p—e+v+v. See below for details. It must be

eration sphere is chosen close to Earth, at a 2000 km altitud@Mphasized here that the constraint to reproduce simulta-

The geomagnetic cutoff is then applied by backtracing théeously the lepton population measurements at various alti-

particle trajectory in the geomagnetic field. In this procedurefudes and geographical coordinates is extremely strong and

only those particles reaching a backtracing distance of 1@1at a successfu! result would ensure a high Ieyel of reliabil-

Earth radii are kept in the sample. Flux conservation alondty of the theoretical grounds and of the numerical approach

any allowed particle path in the geomagnetic field is ensured the problem.

by Liouville’s theorem applicatiofi39]. (5) u decgy: For the decay of muons, the spectra of the
(2) CR abundances: For the incident CR proton and heproducts ¢,v,e*) are generated according to the Fermi

lium flux, functional forms fitted to the 1998 AMS measure- theory.

ments were usefdl6,34]. For other periods of the solar cycle  (6) K decay: For kaon decay, the Dalitz plot distribution

than those of the measurements, the incident cosmic flux igiven in[48] is used.

corrected for the different solar modulation effects using a (7) w polarization effects: Muon polarization was taken
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TABLE I. Mean flux ¢(z)(m?-s-sr)"*, =~ multiplicity  culated by dividing the number of particles detected by the
(u(m)), of the components of the CR flux, and their product nor- (local) surface of the particle collection area, solid angle,

malized to 1, for the conditions described in the text. energy bin size, and equivalent sampling time of the CR flux.

The latter was obtained from the total event number gener-
Particle type p He  CNO Ne-S Fe ated in the simulation rus) divided by the surface of the
($((2))) 106 16 11 0.34 0.08 ger)eration sphere times the i'ntegrated (@owveighted
(u(m)) 03 063 123 153 186  Solid anglew) times the energy integrated flux.

To increase the statistics for the energy regions of low
particle flux, the primary spectra were separated into a set
of energy intervals such ag[0.2,5Q,[50,10q, ...,

_ ) N — [450,50Q, [500,60Q, ..., [900,100Q, [1000,1250, ...,
intoaccount for pion decay and for the”—n"v,(v.)  [1750,2000 GeV; the simulation program was run sepa-

channel[9,11,49. rately for each primary energy bin and appropriately renor-

(8) CR energy range: The kinetic energy range of incidentyajizeq later when the full sample was constituted. The cor-
CRs covered in the simulation if.2,200Q GeV, from responding exposure times ranged from>21D~ 2 s for the

around the pion production threshold up to a value where the, energy bin to 4571010 s for the highest energy bin

corresponding neutrino flux produced becomes negligible. corresponding to a total of the order of®lévents generated

(9) Processing: Each particle history, trajectory paramsy, the sample.

eters, and kinematics are traced and recorded by the pro- These calculations as those reported previo{i36-37
gram. The event file was then analyzed separately to generagte. de no adjustable parameter

the various distributions of interest.
(10) v detection: For the neutrino flux calculation, a vir-

Fractionala™ flux 0.72 022 0.032 0.011 0.0035

tual deteg:tion sphere is defined at the Super-Kamiokande de- IIl. ATMOSPHERIC MUON SPECTRA
tector altitude.
(11) Flux normalization: The differential particle flux pro-  As was mentioned above, atmospheric muons are pro-

duced in the simulation (A?-s *-sr -GeV 1) were cal- duced in the decay chain of pions and kaons produced in the

MUON FLUX AT VARIOUS ALTITUDES
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FIG. 1. Left: simulation resultéhistogramgfor the negative muon flux at various altitudes in the atmosphere, compared to measurements
(solid circles and trianglgsfrom sea level up to about 38 km. See text for details. Right: ratio of simulated flux to the measurement for each
data point.
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FIG. 3. Flux ratios for muons induced by the primary CR
(proton+helium) flux (solid line), and by atmospheric secondaries
(dotted line$, respectively, to the total flux, for three detection al-
titudes. The total flux are those from Fig. 1.

FIG. 2. CR proton kinetic energy distributions of the cumulative
probability for producing downgoing muons in the energy bins of
0.2-0.4, 0.8-1.2, 2.0-4.0, and 8.0-12.0 G&dm the left to the
right), with zenith (0,¢,i;=<15°), for the altitudes indicated.

collisions, i.e., in the_ same reaction chai.n as neutrinos. /531,32] at various altitudegleft) and the ratios of the simu-
successful reproduction of the muon flux in the atmosphere;ieq to measured values for each data péitght). The

is thus further support to the reliability of the neutrino flux o4 eement between simulation results and data is quite good
calculated in the same framework, physical conditions, an hrough the energy range investigat@5—50 GeV for all
computational environment. This is true as well for theﬁdtitudes, from about the sea level to 38 km. It is especially
electron-positron flux. For the latter, the present approac ood over the region from 10—26 km altitude where a large

has allowed to successfully reproduce the AMS measur raction of the neutrinos detected by underground detectors
ments of thee™ flux and of their latitude dependence, in near >cted by underg
are producedsee below. A significant difference between

Earth orbit recentl\{36] (see[50] for the e* in the atmo- imulati | dd 'S ob d h 38 K
spheré. The results on the muon flux are presented in thig/mu'ation results and data is observed, however, at m

section. altitude for muon energies below 1 GeV. This might result

It must be emphasized first that the muon experimentai®m an underestimated production of low energy pions for
observables—namely, the energy dependence of the flux 4R incident energy below about 10 GeV, since the pion pro-
various altitudes—are not available for neutrinos. Thereforgluction cross section in this energy region is poorly con-
they offer a test ground for flux calculations which is morestrained by the very little data available. Note, however, that
sensitive to the various elements of the calculations than theelatively large uncertainties and variations of the measured
neutrino observables discussed below. For this reason thesalues, are observed for the low energy muon {aid

deserve to be investigated with care. The energy distribution of the cumulated probability for
_ the incident CR protons to produce downward-going muons
A. Negative muons close to zenith in different energy bins and for different alti-

Figure 1 shows the calculated muon flux compared to théudes, is illustrated in Fig. 2. The corresponding mean values
data measured by the CAPRICE and HEAT experiment®f the primary proton energy are tabulated in Table II.

From Fig. 2, it is easy to see that the cumulative probabil-
ity curves shift gradually toward the high energy region with
the decreasing altitude, while the distances between the
curves are compressed. This can be clearly seen as well from

Altitude (km) Table Il. At 38 km altitude, the mean energies of primary
protons producing 0.2—-0.4 GeV muons and producing 8.0—
E.(Gev) 38 26 13 10 6 127 066 036 12.0 GeV muons differ by a factor of about 11, this factor
0.2-0.4 83 9.0 140 186 356 66.1 63.6 68.1 becoming about 7 at 10 km and 3 at around sea level.
0.8-1.2 175 166 250 30.8 46.8 759 849 820 Figure 2, Table Il, and the following Fig. 3 and Fig. 18
2.0-4.0 33.0 34.1 469 537 74.7 100.3 102.9 101.9show that(1) at the highest float altitude, the simulated muon
8.0-12.0 93.2 97.9 127.2 136.3 142.3 186.8 189.5 190.dlux is most sensitive to the pion production cross section
used in the simulation and, hence, the higher altitude muon

TABLE II. Mean incident CR proton energ§GeV) producing
near vertical @,¢ni;n<15°) downgoing muons in the specified en-
ergy bins and altitudes.
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FIG. 4. Left: simulation resultghistograms for the positive muon flux at various altitudes in the atmosphere, compared with measure-
ments(solid circles and trianglesfrom sea level up to 38 km, from Ref82,52. See text for details. Right: ratio of simulated flux to the

measurement for each data point.
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flux data can thus be taken as a good test of this cross seduced, which can contribute largely to muons parent meson
tion, and(2) in contrast, at around sea level, the low energyproduction.
muon flux should be more sensitive to the proton-neutron
production cross section because on the average:
(a) The low energy muon path length is roughly on the km  The ratios of the muon flux originating from primary CRs
scale, and the muons measured at sea level are thus producetd from secondaries respectively, to the total flux, are
shown in Fig. 3. The flux are nearly vertical and the corre-

at relatively low altitude.

B. Secondary proton contrib

ution

(b) Above 10 km, about five collisions have occurred. In sponding normalization area are the same as those shown in
these collisions, more secondary protons or neutrons are prédg. 1 for the three altitudes.
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FIG. 7. Left up and middle: energy spectra of the CR helium flux contribliashed linesand total kaon decay contributigdotted
lines), compared to the total fluésolid lines, for the v andv, neutrino flavors from top to bottom as indicated in the figure respectively. Left
bottom: ratios of CR helium induceduL+7#) flux to total (V”+7ﬂ) flux (solid line), CR helium induced (e—%;e) flux to total (ve
+v,) flux (dashed ling kaon decay induced/(ﬁ;M) flux to total (v#+7ﬂ) flux (dash-dot ling and kaon decay induced{+ v,) flux to
total (Ve+;e) flux (dotted ling. Right: flavor ratios for the same three contributidiistal, CR He induced, and kaon decay, from top to
bottom respectively averaged over 4 solid angle and integrated over the whole detection sphere. See text.
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FIG. 8. Total neutrino flux, primary CR proton and helium di-
rectly induced neutrino flux, and secondary induced neutrino flux
averaged over whole detection sphere and ovesdlid angle. Top

left: CR primary(dashed lines, upz,, , down: »¢), secondarydot-
ted lines, upw,, , down: v¢) contributions forv, andv,,, and total IV. PROPERTIES OF NEUTRINO SPECTRA

ve and Vn (solid lines, up:v , down: ve). Top ”ght:_ CR primary In this section, the characteristics of the simulated neu-
(dashed lines, upe,,, down: ve), secondarydotted lines, Upv,.  ying spectra, averaged over the whole detection surface, for
down: v) contributions forve and v, , and totalve and v, (solid  hree pins of geomagnetic latitude and integrated overra 4
lines, up:v,,, down:v¢). Middle: ratios of primary contributed flux  solid angle, are described in details. The detection sphere is
to tc&al flux and secondary contributed flux to total flux, ioflgft) defined at 0.372 km, the altitude of the Super-Kamiokande
andv (right). Dotted line: ratio of primary directly induced, (v,)  detector. Some features having important implications for
to total v, (v,). Solid line: ratio of primary directly induced underground experiments are emphasized.
Ve (;e) to total v, (76). Dash-dot line: ratio of secondary induced
v, (ZL) to total v, (7#). Dashed line: ratio of secondary induced
Ve (;e) to total v, (79). Bottom: Flux ratiOSVe/Z, VM/;M, and
(]}y_-}-jﬂ)/(ye-‘r;e) for the primary directly inducedeft pane) and The calculated flux are shown in Fig. 5 for three bins of
secondary inducettight pane] components. geomagnetic latitude. The corresponding ratios of flux are
shown in Fig. 6, where it is seen that the flux increases with
This figure shows, as could be expected from simple Col-ﬁr;?]g%e%?g%nété%I?;'éu;?fépeggg tl)%\’tvwggﬁr?ri E‘fliivact;ﬁ)\\?v and
lision rank considerations, that in the whole muon energy : L ' .
range, at the highest float altitude, more than 98% muon quQ!gh latitudes can be more th:?\n a fagtor of 2 However, this
originate from primary CRs. At intermediate altitudes, theqmerence decreases with the increasing particle energy, van-

flux induced by secondaries decreases continuously with th'ghing beyond a few GeV. This reflects the effect of the geo-

energy from about 60% at 0.2 GeV down to about 20% at 1611agneﬂc field. Indeed, the mean primary particle energy as-

GeV, while at around sea level, the same trend is observe?:sogéaéee?oxtg \}al(jg\;tnvsrl:it:r??hgrgggg‘lsogf 'tsh:boelgm(ss r?eeti\c/:
with a slower decrease with energy. ' 9 9

cutoff (GC) are small.
Figure 6 shows that the flavor ratios for low, middle, and

C. Positive muons high latitudes are very similar to each other. Thg/v, is
) flat through energy range, with its value near about 1.2. Here
Figure 4 shows the calculatgd™ flux compared to the d gyrang

measured data from the CAPRICE and BESS experiment§’.e/"e decreases steadily from nearly 2 to about 1.2 overlap
The agreement with the BESS 99 data at mountain altitud®ith v, /v, at high energy end, whileu{, +v,)/(ve+ ve)

[52] is very good, but in the lowbelow 1.0 GeV and high  rises up steeply above about 3 GeV. Large difference for
(beyond 10.0 GeYenergy range, the departure is obvious.v./v, from the previous works is seen hegee[9,11] for

This may result from the overestimation of the secondarycomparisons

proton—neutron production cross section at low energy and These features can be easily understood in terms of the
pion-kaon production cross section at high energy. production of7*(K™) and 7~ (K~) and of the muon kine-

FIG. 9. Rank distribution of the neutrino producing collisions in
the atmosphere. See text for details.

A. Absolute flux and flavor ratios
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FIG. 11. Same as Fig. 10 for the geomagnetic latitudes 0.5

of the flavor ratiogbottom), in the indicated energy bins and for the <6,,,<1.

indicated flavor, for low geomagnetic latitudeg; {;<0.5 rad), and

that cosf=1 corresponds to the downward direction.

averaged over # solid angle. Here, the zenith angle is defined such+v,)/(ve+ ) ratio rising up with the neutrino energy.
Here, two points should be noted. First, tﬂ_dve ratio at

low energy should be expected to be larger since the largest

matics. The ratias,/ v, is principally controlled by the ratio production ratio ofr /7~ is at low incident CR energsee

of #*(K") to # (K™). The ratio (v, v, )/(ve+ve) is
sensitive to the muon decay kinematics. The variation oto overlap withv

vlulv thus

with energy is

o

[53], for example. Second, the/e/ v, ratio should decrease

/v at high energy with their values ap-

determined by both proaching to 1.0. Th|s is because at high incident primary
7" /7~ (K*/K™) production ratios and the muon decay ki- energy, the production ratio ofr™/7~ and K*/K~

nematics. Because of the Lorentz time dilation, more higheproaches to 1.054], and most of the high energy muons

ap-

energy muons do not decay while crossing the atmosphergom which the high energy, and v, come will not decay

Hence, thevy( ve) productlon(resultlng from muon decays

before reaching the detection sphere. Soutfdlux is domi-

lesser than forvﬂ(vﬂ), since av, has been produced in nated by ther™ decay while the7M flux is dominated byr™

association with theu in the 7= decay, resulting in ai,

073022-8
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Azimuthal angle distributions ot low geomagnetic latitude
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Such characteristics can be seen clearly in Fig. 6.

B. Contribution from the incident CR He flux

and of the flavor ratiogbottom), in the indicated energy bins and
for the indicated flavor, for low geomagnetic latitude®,,(

< 0.5 rad) and averaged ovetr4solid angle. The angle convention
is $=0°,90° for geomagnetic south and east, respectively.

This contribution is constrained by both the CR He spec-
tral abundance and the He-induced pion multiplicity in
nuclear collisions. Around 20 GeV per nucleon incident en-
ergy, where the neutrino production around 1 GeV is maxi-
mum (see discussion below ar{d5]), the CR He flux is

The calculated total neutrino flux is compared in the leftabout 5% of thep flux, this fraction decreasing slowly with
of Fig. 7 with the contribution induced by the CR helium increasing primary energy. Experimentally, the pion multi-
(He) flux and with the total kaon decay contribution. The plicity increases with the mass of the projectile according to
corresponding flavor ratios are also shown in the same figura known law[46]. For thea + C reaction at 4 GeV/nucleon,
(right panel, where it is seen that the contribution of the CR it is about 3 times th@ + C value at the same incident energy
He flux to the total neutrino flux is about 10% through the[44]. These numbers are in qualitative agreement with the
whole energy range.

10% contribution to the neutrino flux found to arise from the
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FIG. 15. Same as Fig. 13 for high geomagnetic latitudes (1

FIG. 14. Same as Fig. 13 for intermediate geomagnetic Iatltude% 0,00< 12).

(0.5<0,4,<1).
The kaon decay contribution increases, however, with in-

He ﬂUX, aSSUming that the proton-indUCEd helium ContribU'Creasing incident energy and tKeproduction Cross Section’
tion is small. This result is also consistent with the previousgng finally dominates the production for very high energy
work on the AMS lepton data by the authdB6]. neutrinos. This is shown in the left of Fig. 7 where the kaon

The difference between the contributions of CR He to thegecay contribution to the total neutrino flglottom lefy is
(vetve) and (v, +v,) flux ratios is very small as seen in seen to increase continuously from about 2%-3% at 0.1 GeV
the lower left of Fig. 7. For the flavor ratio of the He flux yp to~15% for (vo+ ve), and~20% for (V;PL;#)’ above
contributions shown in the middle rlght of Flg 7, they have20 GeV. These results are in agreement \Wh_]_]
a similar energy dependence as the total ﬂUX, as it could be The energy dependence of the flavor ratio for the kaon

expectedtop). decay contribution to the neutrino flux is a little different
from the averaged valu@ottom right panel in Fig. 7 The
C. Contribution from secondary kaons ratio v,/ v, decreases slowly with increasing energy from 1.7

At low energies the neutrino flux mostly results from at 0.1 GeV down to about 1 at 10 GeV, whik;bljﬂ in-
decay in account of the dominance of the pion productioncreases continuously from 0.9 at 0.1 GeV up to about 2.1 at

073022-10
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The ratio of the secondary contribution,/ v, is larger
than for the primary contribution. This is because of the
larger flux of low energy secondaries due to the larger
a* /7~ production ratio at low incident energy.

The distribution of the rank in the cascade of the neutrino
producing collision is plotted in Fig. 935]. The rank is
defined as the number of collisions taking place before the
neutrino is produced. It is 1 when the neutrino is produced
from the incident cosmic ray interaction. The figure shows
that, on the average, about 2.4 collisions occur for the parent
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pion or kaon to be produced.
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E. Zenith angular distribution and geomagnetic latitude
dependence of the neutrino flux

The zenith angle distributions are shown in Figs. 10, 11,
and 12 for the geomagnetic latitude bimad) 0-0.5, 0.5-1,
and 1-47/2, respectively, and for several energy bins between
0.1 and 10 GeV.

The figures show that the zenith angle distributions for
downward going neutrinos (c@s-0) have about the same
shape for all the energy bins, while for upward going neutri-

1 10 107 10°
Primary proton energy (GeV)

FIG. 16. The cumulativétop) and normalizedbottom primary
proton energy distribution fowe+ v, (solid lines and v,+v,
(dashed linesproduction in five energy bins 0.28—0.32, 0.8-1.2,
2.8-3.2, 8.0-12.0, and 20.0-30.0 GeV from the left to the right,

respectively.

nos, they display quite different shapes for the low energy
bins, showing(a) a clear maximum for low latitudegb) a

flat shape at middle latitude, aifid) a deep minimum at high
latitudes. This can be understood by considering the follow-
ing two particular case$1) For a detection point at the north
pole, the r/4) zenith angle cog~—1/y2 points to particles
coming from the equatorial region where the geomagnetic
cutoff for CR particles is highest. The neutrino flux is then
expected lower for this angle. This effect is more sensitive

10 GeV In contrast W|th the |nd|V|dUa| ﬂaVOI‘ I‘atIOS the for the IOW energy reg|0n of the neutnno SpectrL(ﬁ) Con_
(vptv)l(vet ve) ratio grows rapidly from 1.8 at 0.1 GeV versely, for a detection point at the equator, the zenith angle
up to about 5 at 10 GeV. These differences principally resultos.9~—\/—/2 points to particles coming from the poles-

from theK* to K~ production ratio being larger than far"

to 7~ [55].

though for a narrow azimuthal angle region onivhere the
GC is minimum and hence the observed neutrino flux is

Another noticeable feature of the kaon decay contributiorexpected larger around this angle.

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

The zenith angle dependence of the flavor ratios is modu-

+,)](ve+ve) is less than 2. This can be understood from|a'f<-3'd clearly by ther "/~ production ratio, GC, and the
the K3e,, decay mode having always Iarger a branching rationuon decay kinematics. Interestingly, in low energy bins, the

than theK3,,, mode. In particular, foK?, theK g, channel

is the dominant decay modd8|.

D. Contribution of atmospheric secondaries
to the neutrino flux

The contribution of the atmospheric secondary flux is
compared in Fig. 8 with that of the primary component. It is
seen that, at 0.1 GeV, about 50% of the neutrinos come fro

ve/ve dependence on the zenith angle displays a similar be-
havior as observed for the flux. In addition to its dependence
on the GC, this feature is also related to the pion multiplicity.
Because the production ratio far™ to 7~ is larger below

10 GeV[47], the incident CR flux within this energy range,
which contributes a large fraction of low energy neutrinos, is

very sensitive to the GC, and hence thg v, changes ac-
fordingly with the geomagnetic latitude and zenith angle.

secondary proton- and neutron-induced reactions, this frac- The v, /v, distribution is flat in low energy bins but be-

tion decreasing to about 20% at 50 GeV.

haves S|m|IarIy asi, + vﬂ)/(ve+ ve) at high energies. For

TABLE Ill. Mean incident kinetic energy in GeV of the CR protons producing neutrinos in the energy

binsE, .
E, (GeV) 0.1-0.2 0.28-0.32 0.8-1.2 2.8-3.2 8.0-12 20-30 0.1-30
(Ep) Vet 7 30.1 37.1 57 102 220 405 39
(Ep) vt 31 39 64 120 271 498 43
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TABLE IV. Mean neutrino energieéE,) produced by CR protons within kinetic energy bis. Neu-
trinos with energy below 0.05 GeV are not included in the average.

E, (GeV) 0.2-10 10-30 30-50 50-200 200-500 500-2000 0.20—-2000

<Eve+je> 0.25 0.40 0.52 0.67 0.93 1.14 0.42
(EVMJJM) 0.25 0.40 0.56 0.81 1.36 2.19 0.48

both the downward and upward flux, it is expected that the For the azimuth angle distributions of the flavor ratios, it

v, /v, ratio approaches asymptotically the" /7~ produc-  can be noted that the,/ v, ratio is strongly EW asymmetric
tion cross section ratio at the limit of infinite muon lifetime. with a broad enhancement on the west side at low and inter-
The (v,+ v,)/(ve+ ve) ratio displays a clear dependence meoﬂate latitudes. The opp_osite treﬂd is observed for the
on the zenith angle, with a symmetric up-down distribution,v, /v, ratio, while the ¢, +v,)/(v.+ v¢) ratio is found to
increasing from a minimum around the horizontal directionbe almost structureless at all latitudes.
to a maximum for vertical incidences, the larger the energy The reason for these features is similar to that of zenithal
bin, the more dramatic being the variation. This is becausangle dependence. The latitude dependence of the zenith and
muons coming in horizontal directions have long pathazimuth angle distributions reflects the characteristic of the
lengths in the atmosphere and then enough time to decageomagnetic field and reminds us that an appropriate treat-
producing ayﬂ—jﬁ pair and aye(7e) for each pion decay. ment of the geomagnetic field is required to account for the
The situation is different for muons moving downward or upward-going muon event data and for the east-west asym-
upward, since the flight path available is much shorter. Inmetry. Besides, detailed simulation for detectors at different
this case, a fraction of high energy muons do not decay bdocations is needed to provide a sensitive investigation of the

fore reaching Earth and then do not contribute totper,)  9€0magnetic dependence of the measurements.

flux, wherefrom a Iargerl(ﬂ+7ﬂ)/(ve+7e) ratio. The larger _ o
the muon energy, the larger the effect. G. Cosmic ray parent proton energy distributions

The incident CR proton energy distribution inducing the
F. Azimuth angle distributions and geomagnetic neutrino flux is shown in Fig. 16 for neutrino energies

latitude dependence around 0.3, 1, 3, and 10 GeV. The distributions are given for

The azimuth angle distributions of the neutrino flux and?et ve andv,+ v, . They are averaged over the whole de-
of the flavor ratios are shown in Figs. 13 to 15 in bins oftection sphere and# solid angle and presented as cumula-

neutrino energy(0.1-0.3, 0.3-1, 1-3.1, 3.1-10 Gp¥nd tive probabilities for neutrinos within the energy bins to be
for three bins of geomagnetic latitudén absolute valye  Produced by protons with an energy below the value given in
0-0.5, 0.5-1, and 1=/2 rad, respectively. abscissa and energy distributions normalized to 1.

It can be observed in these figures that the azimuth angle At variance with the results dfi8], the mean energy of
distributions display a significant dependence on the latitudéhe primary proton flux producing 0.3 GeW{+ v,) ob-
considered. For low geomagnetic latitud&ay. 13, the dis-  tained in these calculations appears to be hardly smaller than
tributions are dominated by two peaks located symmetricallyfor (VM+7M) in the same energy bin. The difference be-
at the eas(E) and westW) azimuth angles, but with differ- comes larger with increasing energy, however. The mean val-
ent heights. These latter features are clearly related to thges of the proton distributions of the figure are given in Table
dipole nature of the Earth magnetic field for the E and Wy,
peaking and to the GC for the EW asymmetry. Itis also seen Table IV gives, for comparison, the mean energy of the
that the EW asymmetry decreases as expected with the "E-Ve + ) and (v,,+ »,) neutrino spectrum produced by pro-
creé\smg ener%)_/. < latitud@sa. 14, th tons within the indicated energy bins. The mean neutrino

or intermediate geomagnetic latitudésy. 14, the west gnergy value is found to be smaller fory+ ve) than for

peak appears dampen and wider compared to low latitude _ _ e
while the east peak is even fainter and disappears in the high?’x T ¥,.) for the higher energy bins of the incident protons.

energy bins. The two-peak pattern reappears with nearljhis is consistent with the fact that in the decay chain
equal heights at high latitud&ig. 15. This latter symmetry —u*+v,(v,), p"—e" +ve(ve)tv,(v,), the ve(ve)
was expected since the GC disappears in the polar region.particle shares the energy of decayjmg which momentum

TABLE V. Mean neutrino production altitudg&km) corresponding to different neutrino energy bins.

E, (GeV) 0.1-0.2 0.28-0.32 0.8-1.2 2.8-3.2 8.0-12 20-30
(Alt,,e+je) 18. 185 18.3 171 16.1 15.3
(Alt,,/ﬁjl) 18.1 19 19.6 19.6 19.3 191
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is equal to that of the firsv#(jﬂ) in 7= center-of-mass
frame withe*™ and anothew,(v,). The energy-momentum
conservation implies that the,(v.) energy is on the average

smaller than the mean energy of the twp(v,,).
In Fig. 16, it is seen that low energy primary protons

contribute more to (e+7e) than to the same energy (

+v,,) production. This is easy to understand if we note thatg
higher energy muons which are produced by higher energ)g2° O
primaries on the average do not contribute to electron neu-<
trinos, but accompany them; a muon neutrino has been cre
ated in pion decay. Even at low energy, this process car
happen near the detection surface, and so the mean primal
proton energy for muon neutrino production is raised up.

altitude (Km)
&

15

10
H. Neutrino production altitudes r

The distribution of the neutrino production altitude is [
plotted in Fig. 17, where about 90% neutrinos appear to be s
produced between 5 and 40 km altitude, with the most prob- [
able production altitude being within the 15-20 km range.
These numbers are consistent with the previous 0. .., 00y vy b
1-dimensional analysi§56]. Below a few kilometers, the S 3 %
production distribution tends to flatten, governed by the ab- Number of collisions
sorption rate, while beyond 40 km, it drops following the
atmospheric density profile.

FIG. 18. Average collision altitude of thidth collision versus
collision number.
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Table V lists the average production altitudes correspond15 km. In addition, below 4 km altitude, there is almost no
ing to different neutrino energy bins. The average electrommeson producing collision because the initial CR energy has
neutrino production altitude appears to be a little below thabeen damped through the cascade and most particles pro-
of muon neutrinos, because muons can fly over a certaiduced below this altitude are below the pion production
distance—on the km scale for the energies considered herethreshold.
before decaying into electrons.

The distribution of the altitude where the first interaction
of the incidents CRs with atmosphere takes place was found
to have a mean value of about 26 km on average, 23 km for Figure 19 shows the distribution of the neutrino flying
nearly vertical (0.8cos#<1.0 at the first collision point  distance between production and detection point. The distri-
and 38 km for nearly horizontal (0s0cos#<0.1 at the first butions of the mean values as a function of the cosine of the
collision poiny CRs, with no other selection cut than a pro- zenith angle are plotted in Fig. 20 for four neutrino energy
duced neutrino reaching the detection sphere eventually. bins and for the four neutrino flavors. These distributions are

Figure 18 shows the distribution of the averaged altitudevery similar to those obtained i57].
at which theNth collision occurs in the neutrino-producing ~ The degeneracy of the curves shown in Fig. 20 for the
reaction chain as a function of the numibéof the collision.  four flavors can be easily understood by looking at Fig. 17

It can be observed that, on the average, the second colland Table V; the scales of the peak production altitude and
sion takes place around 19 km and the third collision aroundhe difference of the production altitude for different flavors

I. Neutrino flying distance

TABLE VI. Mean neutrino production angl@eg relative to the CR particle direction at the first colli-
sion, for different neutrino energy bins.

E, (GeV) 0.1-0.2  0.28-0.32 08-1.2 28-32 80-12 20-30  0.1-30
(Ocr- (v, 7)) 28.3 16.7 7.3 3.2 1.4 0.69 20.2
(Bcr (v, 7)) 27.7 15.7 6.6 2.7 1 0.46 19.1
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averaged over the whole detection sphere.
20 30 40 50 60 70

are so small in comparison with the Earth diameter that it can Neutrino production angle (degree)

be negligible. FIG. 21. Normalized distributions of neutrino production angle

. ' relative to the direction of the incident CR proton at the first colli-
J. 3-dimensional effects sion, for three neutrino energy bin&eV): 0.28—0.32, 0.8—1.2,

The normalized distributions of angles between the direc?-8-3-2-

tions of the incident CRs at the first collision and of the
neutrinos in the end of the reaction chain, averaged over thia Tables VII and VIII for different neutrino energy bins.
whole detection sphere andm4solid angle, are plotted in From these numbers it appears that large deviations of the
Fig. 21 for three energy bins. particle directions occur at the pion production level and
The mean values corresponding to the different energpnly at low energy.
bins are listed in Table VI. These values indicate that the The deflection of the charged particles by the geomag-
3-dimensional effects are not important for GeV neutrinosnetic field has also been examined. The largest deflection is
which is consistent with the general expectation and the reundergone by the primary proton between the generation
sult reported i 26]. point and the first collision poinwhich depends on the gen-
The mean angles between the momentélpthe incident eration radius The pion deflection angle is negligible on
CR proton(at the first collision and the pion-producing sec- account of its short lifetime, while for muons it is less than
ondary proton(at thenth collision in the cascade(2) the  4°.
incident proton(called the pion parejptand the produced Hence, it is confirmed that the 1-dimensional approxima-
pion in the production collisioriproduction anglg and(3)  tion used for GeV neutrinos in the previous calculations and
the muon parents# or K) and the produced muon are given simulations[5,8,9,11,12 was an acceptable approximation.

TABLE VII. Mean angles between muons, pions, and their parent partjzle,iK) and between the
parent particle and the incident CR for different energy bing¥.) (deg).

=N (GeV) 0.1-0.2 0.28-0.32 0.8-1.2 2.8-3.2 8.0-12 20-30 0.1-30

e

(Ocr- n*par) 4.98 2.90 1.22 0.57 0.32 0.26 3.56
(0 par—m=) 24.28 14.09 5.88 2.33 0.85 0.40 17.28
(0= par— =) 3.73 1.95 0.72 0.30 0.26 0.25 2.55
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TABLE VIII. Same as Table VI for different energy bins ayf#(jﬂ).

E, ., (Gev)  01-02  028-032 08-12 28-32 80-12 20-30  01-30

I — 5.33 2.91 1.18 0.54 0.30 0.26 3.89
(O par—mt) 23.96 13.41 5.36 1.99 0.66 0.32 16.48
(0= par— =) 4.00 2.12 0.79 0.30 0.26 0.25 2.73
V. NEUTRINO FLUX AROUND THE The values of the simulated 0.1-20 GeV neutrino flux for
SUPER-KAMIOKANDE DETECTOR the location of the Super-Kamiokande experiment are tabu-

In this section, the features of the atmospheric neutrinc#itr?gig;‘ ]‘—grbrLe IX. These spectra can be fit by means of the

flux at the geographical position of the Super-Kamiokande
(SuperK detector are investigated. The detection sphere was f(E)=c.[1.0+C, exn — c.E.)]E® 1
defined at 0.372 km altitude, and within (36°28’ (B,)=cil 1.0% czexp( = GoE,)JE, W

+7.5°)N and (137°1837'+15°)E latitude and longitude yery nicely, wheref (E,) is the flux,E, the neutrino energy,

bins respectively. and c;, ¢y, c3, andc, are fitting parameters given in
. Table X.
A. Flux and flavor ratio The functional form is inspired frorf¥6], carrying some

The calculated energy distributions of the atmospherideatures of the hadroproduction of pions and kaons.
neutrino flux and thes/v flux ratios around the SuperK de- ~ For the flavor ratios, ouri(, + v,)/(ve+ ve) is similar to
tector, averaged over# solid angle, are compared with the that reported in9,11], but v,/ v, differ evidently from all the
results of Hondaet al. [9,11] in Fig. 22, for the various fla- previous 1-dimensional calculations summarized in Fig. 12
vors. The flux obtained in the present work appear to beof [11].
significantly smaller than in the 1-dimensional calculations From Figs. 1 and 4, it can be observed that the positive

for low neutrino energies. muon flux is overestimated in our simulation, which subse-
Neutrino flux around Super—Kamiokande 3Neutrino flavor ratio around Super—Kamiokande
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FIG. 22. Simulated atmospheric neutrino spectra and flavor ratio around Super-Kamiokande detector.
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TABLE IX. Neutrino flux calculated for Super-Kamiokande experiment location.

Flux (m 2.5 t.sr 1.Gev'?)

E, (GeV) Ve Ve v, v,
0.100-0.124 294884 1780:59 5229+ 103 4915-99
0.124-0.153 207853 1324+ 45 367768 3629t 80
0.153-0.189 159550 892+ 29 277163 2569+ 48
0.189-0.233 102830 702+29 1875+40 185340
0.233-0.289 77428 485+ 19 126027 1266+ 27
0.289-0.357 50815 335t 10 909+ 20 901+21
0.357-0.441 32512 2388 649+ 17 610+ 14
0.441-0.545 2188 162t7 450+ 15 389+9
0.545-0.674 1485 1135 291+9 268+7
0.674-0.833 996 703 1855 1835
0.833-1.029 54 2 42+2 1255 114+ 4
1.029-1.272 331 261 72+2 702
1.272-1.572 2% 2 18+1 46+ 2 46+2
1.572-1.943 1340.8 13+2 29+1 26+1
1.943-2.402 8.80.6 5.70.5 20+2 17.4-0.8
2.402-2.969 410.3 3.9t04 9.7:0.4 10.xx0.4
2.969-3.670 240.2 1.8:0.2 6.4£0.4 5.5£0.3
3.670-4.537 120.2 1.1+0.1 3.8:0.2 3.1+0.2

4.537-5.608 0.790.08 0.54-0.05 2.2£0.1 3.1x0.7
5.608-6.931 0.350.04 0.270.03 1.14-0.07 1.2:0.1
6.931-8.568 0.190.02 0.19-0.04 0.55-0.04 0.72-0.06
8.568-10.59 0.120.03 0.22-0.07 0.47-0.03 0.32:0.02
10.59-13.09 0.0380.005 0.036:0.005 0.1%20.01 0.158-0.009
13.09-16.18 0.0350.006 0.022-0.004 0.1030.007 0.086:0.007
16.18-20.00 0.0180.003 0.009:0.002 0.046:0.004 0.046:0.003

quently raises ther /v, ratio. This observation can explain in the low energy bin. Again, it can be seen in the figure

partially the large difference observed. (right pane) that the flavor ratio ¢,+v,)/(vetve) also
However, as explained at the end of Sec. IVA, it is be-depends on the zenith angle, especially for high energy neu-

lieved that the tendency of decreasimg/v, with the in-  trinos, for the same reason as given previously.

creasing energy should be expected because of the constraint

on thew /7 (K"/K™) ratio imposed by the relevant data. C. Azimuthal angle distribution

The azimuth angle distribution of the flux and of the fla-
vor ratios are shown in Fig. 24 for the four neutrino species.
The zenith angle distribution of the flux and of the flavor The large angular binning used in the figure was dictated by
ratios are shown in Fig. 23, where the enhancement of théhe low counting statistics obtained, even for very long com-
flux in horizontal directions discussed in Sec. IV E is ob-puter time used for running the simulation program. The
served, in qualitative agreement w[t?4]. In the low energy east-west effect discussed previously in Sec. IVF is clearly
bin, the maximum of this enhancement is about twice theobserved here, more prominent for low energy neutrinos.
downward- or upward-going flux out of the horizontal plane The EW asymmetry discussed below has been estimated on

the basis of these distributions.
TABLE X. Parameters used to fit the simulated neutrino spectra

around the Super-Kamiokande detector.

B. Zenith angle distribution

D. Estimate of the east-west asymmetry

Particle ¢ c, Cs Ca In addition to the atmospheric muon flux, the EW asym-
metry measurements provide an important global test of the
Ve 89.92 —1.043 0.776 —2.99 reliability of the overall approach. Since muons are charged
e 60.47 —1.056 0.935 —2.88 particles, having finite lifetime, and losing energy during
v, 198.4 —1.029 0.744 —-2.82 their flying in the atmosphere, while neutrinos have none of
7# 201.3 —1.031 0.674 —2.88 these features, these differences make the relation between

muon and neutrino flux a complicated is§us]. However,
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Kamiokande detector.

the EW asymmetry is independent of physics beyond the

standard model and is not expected to depend on the neutrii@r €-like and u-like events, respectively, for a selection of
mass or oscillations. A reliable simulation should thus besingle-ring events with momentum between 0.4-3 GeV and

e-like _
AEW -

0.21+0.04, ALK®=0.08+0.04,

able to reproduce the experimental EW asymmetry data 0.5<CO0ST,enii<0.5, With 7,¢nitn being the zenith angle.
guantitatively.
For the asymmetry paramet8g,, defined as

Ne (Ny) being the number of eastwak@estward lepton
events, the SuperK Collaboration reported the following~100 MeV/c appear to carry 65% of the incident neutrino
increases te-85%

o Ne—Ny,
BV Nt Ny

measured values:

In order to obtain theAgy value precisely,
neutrino reaction cross section
[58,59 needs to be known. The asymmethy,, however
could be estimated by using the following procedures.
(1) Evaluate the energy of the neutrinos which can induce
lepton events over the same range as selected by Super-K,
leptons with momentunp,

3-dimension differential

i.e.,

energy;

073022-18
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TABLE XI. Neutrino flux calculated for the SOUDAN experiment location.

Flux (m 2.5 t.sr 1.Gev'?Y)

E, (GeV) Ve Ve v, v,
0.100-0.124 6222240 3344+ 163 10967 313 9453 257
0.124-0.153 4338175 228397 7154-194 6604+ 188
0.153-0.189 2698100 1674+ 83 5078159 4872-154
0.189-0.233 173871 99749 3344110 3254-110
0.233-0.289 1206847 860+ 62 2062+ 60 2124+78
0.289-0.357 77232 623+ 45 139653 139752
0.357-0.441 48826 361+19 936+ 32 876+ 36
0.441-0.545 33320 214+13 628+ 28 595+ 31
0.545-0.674 21215 16321 359+ 15 352+ 15
0.674-0.833 1229 92+7 231+10 234+ 12
0.833-1.029 736 60+4 145t 6 138+7
1.029-1.272 483 34+3 804 92+ 6
1.272-1.572 283 19+2 52+3 49+3
1.572-1.943 131 10+2 30+2 32+4
1.943-2.402 g1 6.1+0.7 19+1 17+1
2.402-2.969 440.5 3.5-0.5 9.9+0.7 11.1-0.9
2.969-3.670 3405 1.5-0.2 5.5-0.5 6.4-0.6
3.670—-4.537 1.60.3 0.9+0.1 3.6:0.3 3.3-0.4
4.537-5.608 0.530.08 0.49-0.08 2.0:0.2 1.5-0.2
5.608-6.931 0.440.07 0.43-0.09 1.20.1 0.9+0.1
6.931-8.568 0.160.03 0.12:0.02 0.58:0.05 0.6:0.1
8.568-10.59 0.160.02 0.08-0.02 0.32:0.03 0.29-0.03
10.59-13.09 0.03%0.007 0.04-0.01 0.2G:0.02 0.16:0.02
13.09-16.18 0.01%0.004 0.012-0.004 0.1:0.01 0.09-0.01
16.18-20.00 0.0160.005 0.022-0.009 0.05%0.006 0.03%0.005

=1 GeV/c [1]. It can be assumed that the fraction keeps on AEKe=0.12+0.03, ALIK®=0.13+0.02.

increasing and asymptotically tends to 100%. Based on this
supposition, the corresponding neutrino energies of aboun contrast, the EW asymmetries obtained for the two-
0.55 and 3.1 GeV associated with the 0.4 and 3 GeV leptofeutrino flux with the same cut over the zenithal angle and
events are obtained respective|y_ within the same energy bin (@D55,3]_] GeV are

(2) Estimate the production angle of the neutrino induced
lepton. This can be done followin@1], by noting that the
interested neutrino energy range is above 0.5 GeV within
which there is no large difference between the productiorwhich shows that the predicted neutrino asymmetry is largely
angles ofv, and v, events. Another way is by using the washed out by the angular distribution of the neutrino in-
values 55° ap,= 0.4 GeVk and 20° atp;=1.5 GeVkt as  duced lepton production process. -
reported in[1], and fit them as a function of the neutrino  The Iarger EW flux asymmetry obtained fof,(v,) than
energy, assuming that the angle smoothly tends to zero sr ve(v,) can be qualitatively understood: The production

expected from basic kinematics. of vo(ve) takes place in the second step of the pion decay
(3) For each neutrino with energy between 0.55 and 3.1

GeV, lepton events are randomly generated with the scatter- tag| g xiI. Fitting parameters for simulated neutrino spectra
ing angle relative to the neutrino direction estimated as;;ound the SOUDAN detector.

above and with a uniform distribution for the azimuth angle.
After weighting by the energy-dependent cross section particle c; c, C3 C4
[28,60,6] and application of a normalization procedure, the

Ap,,/°=0.17+0.03, A%, "#=0.22+0.02,

events with|cos()|<0.5 are selected to calculate the asym- Ve 105.0 —1.034 0.869 —-3.12
metry parameter_ Ve 63.9 —1.069 1.235 —2.99

Using the above procedure, the following values are ob- v, 143.0 —0.970 1.859 —2.67
tained for the EW asymmetry parameters #tike and 7 362.2 -1.021 0.416 —-3.16

u-like events around the Super-Kamiokande detector:
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FIG. 25. Simulated atmospheric neutrino spectra and flavor ratios around the SOUDAN detector.

chain. The decay kinematic_s should thus wash out the E\_/%OUDAN detector location, and hence to the lower geomag-
asymmetry of electron neutrinos more than for muon neutriz,q e cutoff, the calculated neutrino flux are much higher
nos which are produced dominantly in the first stage of theﬁhan found for Super-K

decay sequence. Also, the 0.1-20.0 GeV neutrino energy spectra simulated

In comparison with the datp20] and other simulation ) . .
results[21], the present calculations depart further from thefor the SO;JD]QN f;lqzre]rlment s;te atr.e ta:J?Iatefl ;n T?lt;le Al.
data. It can be noted that the present overestimated ratio aljhey can be fit wi e same functional fofmelation (1))

7+ /7~ may affect this prediction. More work is still needed | N€ coefficients are listed in Table XII.
to clear up this problem.
B. Zenith angle distributions
VI. NEUTRINO FLUX AROUND The calculated zenithal angle distributions are shown in
THE SOUDAN EXPERIMENT Fig. 26, for the same energy bins as previously, where the
The same calculations for the simulated atmospheric nelligh geomagnetic latitude feature of such a distribution illus-
trino flux around the SOUDAN detector as for the Super-Ktrated in Sec. IVE is evident.
experiment in the previous section are reported in this sec-
tion. The normalization area used in the calculations corre- C. Azimuth angle distributions
spoonds fo the geographjcal latitude and longitude bin of Figure 27 shows the azimuth angle distributions of the
(48°=5 °)N and (98 10°)W, respectively. The altitude is 5y qqpheric neutrino flux around the SOUDAN detector,
taken the same as for Super-K, as we have seen from Fig. 1§55 on which the EW asymmetry parameter for neutrino

the error resulting from the altitude difference betweeng,, anq lepton events in the detector are also estimated
Super-Kamiokande and SOUDAN detector should be neg“'along the same lines as for the Super-K experiment.

gible in evaluating the flux and relevant distributions. The EW asymmetry for the lepton events is predicted as

A. Flux and flavor ratio ASlXe=0.006+0.037, ALIK®=0.026+0.024,

The energy spectra and energy dependence of flavor ra-
tios, averaged over a7 solid angle, are shown in Fig. 25.
Due to the relatively high geomagnetic latitude of thewhile for the neutrino flux the following values are obtained:
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Zenithal angle distribution around Soudan detector Azimuthal angle distribution around Soudan detector
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FIG. 26. Zenith angle distributions of the simulated neutrino  F|G. 27. Azimuth angle distributions of the simulated neutrino
flux and flavor ratios around the SOUDAN detector. flux and of the flavor ratios around the SOUDAN detector.
AE?@VE: 0.068+0.043, AE/fVJ\f/ "r=0.071*+0.025, tions reported previously on the hadron and lepton flux close

to Earth strongly support the method and the models used.
with the same selection criteria as used for Super-K in the N this work, the CAPRICE and HEAT muon flux data

previous section. It would therefore be of great interest tgneasured at various altitudes in the atmosphere, from about
have some experimental values for this experiment to proS€ level to 38 km, have been successfully reproduced, pro-

vide a further test the present approach and a step forward ¥ding further grounds to the correctness of the approach.
a better global understanding of the problem. A significantly lower absolute value of the flux than found

in 1-dimensional calculation®,11] in the low energy range

has been reported here. Also, thg/ v, ratio is largely dif-

ferent from all the previous calculations. In addition, the
In summary, the atmospheric neutrino flux has been simupresent results are in agreement with similar results reported

lated by means of an event generator dedicated to the geneial[23].

cosmic ray—atmosphere interactions, developed to account Detailed features of the neutrino flux—zenithal and azi-

for the AMSO01 results, originally. The successful calcula-muthal angle distribution and flavor ratios at different lati-

VII. CONCLUSION AND DISCUSSION
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tudes, corresponding energy distributions, production altiwest asymmetry of the atmospheric neutrino-induced events
tude, and production angle distributions—have beerin the Super-K detector. More investigations are needed to
calculated and discussed. The components originating fromanderstand this disagreement.
cosmic rays and from the atmospheric cascade have been A complete comparison of the parametrizations used to
distinguished and discussed separately. All the observed fedescribe the various hadronic production channels with the
tures of the calculated flux could be traced back to the priavailable data will be reported in detail later.
mary spectragrt /7~ (K*/K™) ratio, muon kinetics, geo-
magnetic effect, and geometry. ACKNOWLEDGMENTS
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